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Referat:
In der vorliegenden Arbeit werden das Wachstum und Materialeigenschaften von Galliumoxid
(Ga2O3) sowie deren Legierungen mit Indium- oder Aluminiumoxid (In2O3/ Al2O3) unter-
sucht. Ga2O3 kann in verschiedenen Polymorphen (α, β, γ oder κ) auftreten, in denen die
fundamentale Bandlücke zwischen 4.6 und 5.3 eV variieren kann. Die Legierung von In2O3
oder Al2O3 führt zu einer Verringerung oder Vergrößerung der Bandlücke und damit zu einem
Bandlückenbereich von 3.7 bis 8.8 eV. Aufgrund variierender Materialeigenschaften der Poly-
morphe, können eine Vielzahl an Anwendungen umgesetzt werden. Zum Beispiel erlaubt die
spontane Polarisaton bei κ-Ga2O3 eine hohe 2DEG an der Grenzfläche von Heterostrukturen,
wodurch die κ-Phase ein geeigneter Kandidat für die Herstellung von Transistoren mit hoher
Elektronenbeweglichkeit ist. Dadurch, dass β-Ga2O3 auch als Substrate erhältlich sind, ist
diese Modifikation interresant für Hochleistungselektronik. Alle der Gruppe-III Sesquiox-
ide können in der α-Phase kristallisieren, so dass diese besonders geeignet für die Herstellung
von wellenselektiven Photodetektoren. Um den Wachstumsprozess und die Eigenschaften der
verschiedenen Polymorphe zu untersuchen, wurden die in dieser Arbeit untersuchten Proben
mittels gepulster Laserabscheidung (PLD) hergestellt. Die Wachstumsbedingungen, wie der
Sauerstoffpartialdruck p(O2), wurden dafür systematisch variiert und deren Einfluss auf den
Kationeneinbau und damit auch die Materialkomposition von (Al,Ga)2O3 und (In,Ga)2O3
untersucht. Zum Beispiel verstärkt eine sauerstoffarme Umgebung, was einem geringen p(O2)
entspricht, die Bildung und anschließende Desorption flüchtiger Suboxide. Da sich die Sauer-
stoffbindungsenergien der untersuchten Materialien voneinander unterscheiden, verursacht
einen bevorzugten Einbau von Al in (Al,Ga)2O3 oder von Ga in (In,Ga)2O3. Aufgrund
einer vorausgesagten großen spontanen Polarisation von κ-Ga2O3 basierten Heterostruck-
turen, wurden anschließend die κ-(Al,Ga)2O3 und κ-(In,Ga)2O3 Legierungen in Abhängigkeit
der Kompositionszusammensetzung untersucht. Der bisher höchste erreichte In-Gehalt von
35 at.% in κ-(In,Ga)2O3 ermöglicht in Kombination mit dem maximal errreichten Al-Gehalt
von 46 at.% in κ-(Al,Ga)2O3 eine Bandlückenvariation von 4.3 bis 5.9 eV. Weiterhin wird die
erfolgreiche Herstellung von α-(Al,Ga)2O3 über den gesamten Kompositionsbereich gezeigt.
Am Ende wird ein Überblick über aktuelle Mischungsgrenzen, Bandlückenvariationen und
Gitterkonstanten abhängig von der Zusammensetzung für die α-, β-, κ-Phase der Sesquiox-
ide sowie der kubischen Bixbyte-Struktur gegeben. Dazu werden aktuelle Ergebnisse aus der
Literatur sowie die im Rahmen dieser Arbeit erzielten Ergebnisse zusammengefasst.
II
Bibliographic Description
Hassa (geb. Werner), Anna:
Epitaxy and Physical Properties of Group-III Sesquioxide Alloys
Universität Leipzig, Dissertation
140 pages, 202 references, 17 figures, 2 tables (all excluding cumulative part)
Abstract:
This thesis focuses on the growth and the determination of physical properties of gallium
oxide (Ga2O3) and related alloys. Ga2O3 may crystallize in various polymorphs (namely α,
β, γ or κ) and hence the fundamental bandgap varies between 4.6 and 5.3 eV. An alloy with
In2O3 or Al2O3 reduces or enhance the optical bandgap, which potentially enables bandgap
engineering between 3.7 and 8.8 eV. Due to several material properties of the distinct Ga2O3
polymorphs, a wide range of applications can be realized. For example, the κ-polymorph
possesses a spontaneous polarization, which enables extremely high 2DEG densities at the
interface of heterostructures and thus the κ-phase is a suitable candidate for the realization
of high-electron mobility transistors. The availability of β-Ga2O3 substrates renders this
phase interesting for the implementation of high performance power devices. Since each of
the group-III sesquioxides may crystallize in the α-phase, this polymorph is especially suited
for the fabrication of wavelength-selective photodetectors. In order to study the growth
process and the material properties of the different polymorphs, the samples studied in this
thesis were prepared by pulsed laser deposition (PLD). For this purpose, several growth
conditions, such as oxygen pressure p(O2), and their influence on the cation incorporation
and thus the alloy composition of (Al,Ga)2O3 and (In,Ga)2O3 were analyzed systematically.
For instance, an oxygen poor ambient, corresponding to low p(O2) in the PLD chamber causes
the formation and subsequent desorption of volatile suboxides. The dissociation energies of
the oxygen bonds differs for the materials investigated and induces a preferred incorporation
of Al into (Al,Ga)2O3 or Ga into (In,Ga)2O3. The κ-polymorph has attracted increasing
scientific interest due to a predicted large polarization, the κ-(Al,Ga)2O3 and κ-(In,Ga)2O3
alloy was in the focus of the further course. The samples were fabricated with a continuous
composition spread to enable investigations of the material properties as a function of the
alloy composition. To date, the highest In-content into κ-Ga2O3 of 35 at.% is achieved. In
combination with the maximum Al-content of 46 at.%, bandgap engineering from 4.3 to 5.9 eV
is possible. In addition, α-(Al,Ga)2O3 was successfully fabricated in the entire composition
range. Investigations of the lattice constants reveals relaxed growth for Al contents below
55 at.% and otherwise pseudomorphic growth. In the last part, an overview about current
miscibility limits, the variation of bandgap and lattice constants in dependence on the alloy
composition for the α-, β-, κ-phase of the sesquioxides as well as of the cubic bixbyte structure
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Semiconductor-based technology has become an indispensable part of modern life and
is used in smartphones and tablets, among other things. Silicon, the primary semicon-
ductor used, has reached its fundamental technological limits in some, more specialized,
applications, such as the detection of high energetic ultraviolet (UV) radiation, which
brought attention to ultra-wide bandgap semiconductors. Compared to already es-
tablished materials such as SiC and GaN, the transparent-appearing semiconductor
Ga2O3 has an ultra-wide bandgap of about 4.6–5.3 eV [1, 2], which is more than 1 eV
larger compared to that of SiC (3.3 eV [3]) or GaN (3.4 eV [4]). An alloying with
other group-III sesquioxides, namely Al2O3 (8.8 eV [5]) or In2O3 (3.7 eV [6]), can fur-
ther enlarge or reduce the possible optical bandgap of Ga2O3. Along with a large
Baliga’s figure of merit, which is approximately four times larger than for GaN or a
large breakdown field of 8MVcm−1 [7] being about three times larger than for SiC or
GaN, Ga2O3 is a particularly promising candidate for next generation power electronic
devices. Possible fields of application are high-power electronics [1, 8-10], solar-blind
UV-photodetectors (PDs) [11-13], gas sensors [14], or thin film transistors [15]. Touch
panel displays, solar cells and applications in optical communication [1, 9, 10] can also
be implemented.
Ga2O3 can appear in various polymorphs, called α, β, κ and γ assigned to a rhom-
bohedral, monoclinic, orthorhombic or defective spinel crystal structure. The ther-
modynamical stability of these phases can be ranked by β > κ > α > γ [16]. After
Higashiwaki et al. introduced a functional metal-semiconductor field-effect transistor
based on monoclinic β-Ga2O3 in 2012 [7], scientific interest focused on this modifica-
tion, whereby the lion’s share of Ga2O3 related scientific publications and especially
reviews refer to the β-gallia structure [1, 9, 10, 17]. Due to a predicted large sponta-
neous electrical polarization P of 23–26 μC/cm2 [18-20] occurring in the orthorhombic
κ-phase, this modification recently moved even further into scientific focus. At the in-
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terface of heterostructures (e.g. Ga2O3/(AlxGa1−x)2O3) cause a discontinuous change
of the polarization P , which potentially results in extremely high two-dimensional elec-
tron gas (2DEG) densities [21] enabling applications in high-electron mobility transis-
tors (HEMTs) or quantum-well infrared photodetectors (QWIPs) [E1]. Since Al2O3
crystallizes in a rhombohedral structure at thermodynamic equilibrium, the α-phase
can potentially be stabilized over the entire composition range of the (Al,Ga)2O3 alloy
rendering this structure particularly suitable for the realization of wavelength-selective
PDs, such as deep UV-PDs or QWIPs [22, 23]. However, for the remaining Ga2O3
polymorphs, alloys with Al2O3 or In2O3 are only possible up to certain cation com-
positions. When these compositions are exceeded, phase separation occurs resulting a
change in physical properties. Accordingly, this must be taken into account in the fab-
rication of sesquioxide alloy based devices. An exact determination of the miscibility
gaps, the resulting bandgap limits and the material properties depending on the alloy
composition is therefore essential for the realization of such devices.
The in this thesis presented and discussed samples were prepared by pulsed laser
deposition (PLD). A part of the thin films were deposited using single segmented ce-
ramic targets with a distinct chemical composition. The other portion of the samples
were grown employing a combinatorial PLD-approach, called continuous composition
spread (CCS) approach, which was introduced by von Wenckstern et al. from the
semiconductor physics group of the University Leipzig [24]. The target used for this
approach has to be two-fold azimuthally segmented, consisting either of Ga2O3/Al2O3
or of Ga2O3/In2O3, to fabricate (Al,Ga)2O3 or (In,Ga)2O3 thin films with a lateral
varying cation composition. When preparing thin films by PLD, growth conditions,
such as substrate temperature (Tg) or the oxygen pressure (p(O2)) in the PLD chamber,
can be defined. The choice of Tg and p(O2) has a significant impact on the formation
of Ga2O3 thin films, as described in previous publications by Müller et al. and Zhang
et al. [25, 26]. In the study of Müller et al. on β-Ga2O3 thin films by PLD reveals
that an reduced p(O2) results in lower growth rates [25]. Similar investigations were
presented from Vogt and Bierwagen for β-Ga2O3 thin films grown by molecular beam
epitaxy (MBE) [27,28]. Due to a low oxygen concentration during deposition, increased
volatile Ga2O suboxides are formed, which desorb and do not contribute to the thin
film growth. If sufficient oxygen is available all offered Ga atoms are incorporated into
the layer. Furthermore, Zhang et al. discovered for PLD grown thin films that an
increased growth temperature also leads to decreased growth rates, because high Tg in-
tensifies the formation of volatile Ga2O [26]. Since the various Me-O (Me=Al, Ga, In)
bonds have different dissociation energies (Ediss(Al-O)=5.22) eV, Ediss(Ga-O)=3.9 eV,
Ediss(In-O)=3.6 eV [29]), the fabrication of (Al,Ga)2O3 or (In,Ga)2O3 alloys in an
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oxygen-poor growth regime results not only in a reduction of the growth rates, but also
in a non-stoichiometric Me cation transfer from target to substrate. More precisely,
this means that in (Al,Ga)2O3 the Al atoms and in (In,Ga)2O3 the Ga atoms are pref-
erentially incorporated into the layer. That low p(O2) leads to a non-stoichiometric
Ga-to-In or rather Al-to-Ga ratio in β-(InxGa1−x)2O3 or β-(AlxGa1−x)2O3 thin films
was already investigated in the Semiconductor Physics Group of the University Leipzig
and discussed in several theses as the master thesis of M. Purfürst [30] or the master
thesis of the author [31]. To fabricate thin films with a reproducible cation target-
to-substrate transfer and high growth rates it is mandatory to optimize the growth
conditions for the sesquioxides and their various polymorphs.
Taking these potential the potential research areas of Ga2O3 based alloys into ac-
count, the following objectives result for the present work:
I Investigations of phase formation and desorption processes of (Al,Ga)2O3 and
(In,Ga)2O3 thin films in dependence on p(O2) and/or Tg
II Determination of physical properties of κ-(AlxGa1−x)2O3, κ-(InxGa1−x)2O3 as
well as α-(AlxGa1−x)2O3 thin films as a function of the cation composition x
III Extension of the phase limits and thus an expanded optical bandgap range
The results of these research aspects were published in a total of six peer-reviewed
journal articles forming the cumulative part of this thesis. In the first two, the influence
of oxygen pressure and growth temperature on the phase formation of (Al,Ga)2O3 is dis-
cussed in Refs. [E2,E3]. The phase limits and material properties of κ-(AlxGa1−x)2O3,
κ-(InxGa1−x)2O3 and α-(AlxGa1−x)2O3 thin films, which exhibit cation composition
gradients are published in Refs. [E4-E6] and form the second part of this work. The
last part consists of a topical review article [E7] in which published results together
with data obtained in the scope of this work on the progression of current miscibility
limits, optical band gaps and lattice constants in dependence on the cation alloy of
the mentioned sesquioxide alloys is summarized. Additionally, this article deals with
the desorption processes that can be observed in an oxygen poor or rich ambient,
respectively.
Other studies in which the author has participated deal with different polymorphs
of the (In,Ga)2O3 alloy [E8-E10], κ-Ga2O3 and its related alloys [E1,E11-E13] as well
as the different combinatorial PLD approaches that are used within the semiconductor
working group [E14].
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The materials of the group-III sesquioxides, which include indium, gallium, and alu-
minum oxide (In2O3, Ga2O3, Al2O3), are characterized by ultra-wide bandgap energies
and an appearance transparent to the human eye with absorption edges deep into the
ultraviolet (UV) band (see fig. 2.1). The possibility of alloying these materials among
each other enables precisely tunable bandgap energies in a broad range and thus the
realization of applications where a tailored bandgap is required, such as solar blind
UV-photodetectors. The sesquioxides have different thermodynamically stable crystal
structures, namely, the corundum-structured α-Al2O3, the monoclinic β-Ga2O3 or the
cubic bixbyte In2O3 structure, respectively. As a result, phase separation can occur
in the alloys observable at certain cation compositions. The phase limits vary for the
different crystal structures and confine the potential bandgap ranges. The following
sections cover the polymorphism of the materials mentioned and their physical prop-
erties. In addition, for the various alloys, the physical properties as function of the
chemical composition are discussed only briefly, since an extensive consideration in the
form of a topical review [E7] is part of this cumulative thesis.
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Figure 2.1: Electromagnetic spectrum of light and the optical bandgaps of the sesquioxides
in dependence on photon energy (black scale) and wavelength (gray scale). Ranges of infrared




















Figure 2.2: Schematic representation of an α-Al2O3 hexagon. Different lattice planes dis-
playing possible sapphire cuts are indicated by different colors as labeled. Cutting along the
red/blue/green/violet colored lattice plane results in a-/c-/m-/r-plane sapphire.
2.1 Aluminum Oxide
The highest bandgap of the group-III-sesquioxides with an energy of 8.8 eV [5] exhibits
the rhombohedral α-polymorph being the thermodynamically most stable phase of
Al2O3. Due to its optical transparency, electrically insulating behaviour, high temper-
ature stability, high mechanical strength [32] and since it can be produced cost-effective
on industrial scale, α-Al2O3 is a common substrate for Ga2O3 based thin films. The sub-
strates can be obtained by cutting α-Al2O3 single crystals along their (11.0)-, (00.1)-,
(10.0)- or (01.2)-lattice planes (corresponding to a-/c-/m-/r-plane sapphire), as pre-
sented in fig. 2.2. In the rhombohedral lattice structure, the Al cations are octahedrally
coordinated (Oh) within a hexagonal close-packed O2− array. The rhombohedral poly-
morph crystallizes in space group R3̄c with the lattice parameters a = 4. 7617 Å and
c = 12. 995Å [2]. Actually, Al2O3 is an indirect semiconductor, but is usually referred
to as direct one because the difference between the direct and indirect band-to-band
transition is so small that the material behaves as a direct semiconductor [33].
2.2 Gallium Oxide
In 1952, Roy et al. identified and defined the various polymorphs in which Ga2O3
may occur and denoted them as α-, β-, γ-, δ-, and ε-polymorph [16]. Later studies
by Playford et al. revealed that the δ-phase is not a distinct polymorph of Ga2O3,
but a nanocrystalline form of the ε-phase. The monoclinic β-gallia structure is the
thermodynamically most stable phase, followed by the metastable orthorhombic κ-
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2.2. Gallium Oxide
Table 2.1: Space group, lattice parameter, ratio of octahedral to tetrahedral coordinated
















1:1 4.6-5.0 eV [1,34]
κ
(orthorhombic)
Pna21 a= 5. 046Å
b= 8. 702Å
c= 9. 283Å
3:1 4.9 eV [35], [E11]
α
(rhombohedral)
R3̄c a= 4. 9825Å
c= 13. 433Å
1:0 5.2-5.3 eV [36,37]
γ
(defective spinel)
Fd3̄m a=8.2376Å 2:1 5 eV [38,39]
(also referred to as ε-), the rhombohedral α-, and by the defective spinel γ-phase [16].
The crystal structure also determines the size of the band gap energy, which can vary
from 4.6 to 5.3 eV depending on the polymorph.
In the crystal lattice, the Ga atoms occupy either octahedrally (Oh, 4-fold coordi-
nated) or tetrahedrally (Td, 6-fold coordinated) ordered cation sites. The ratio of Oh
to Td differs for the different polymorphs. In tab. 2.1 are these ratios along with the
space groups, lattice constants, and optical bandgaps for the different gallia polymorphs
summarized.
2.2.1 Monoclinic β-Ga2O3
The thermodynamically most stable β-gallia structure, so that the main focus of previ-
ous studies was on this polymorph and a large number of reviews have been published
so far [1, 9, 10, 40].
In the β-gallia unit cell, the Si atoms typically occupy the tetrahedral lattice sites
while Sn rather prefers the octahedral ones [41]. β-Ga2O3 belongs to space group C2/m
possessing a lattice constants a = 12. 214(3)Å, b = 3. 0371(9)Å, c = 5. 7981(9)Å and
β = 103. 83◦ with an unit cell volume of 208.85(1)Å3 [34]. The unit cell consists of
four Ga2O3 molecules with a Oh:Td ratio of 1:1, as shown in fig. 2.3.
The monoclinic phase can be fabricated by a variety of growth techniques. These
include for thin films PLD [25, 26, 43-49], metal organic chemical vapour deposition
(MOCVD) [50-58], mist chemical vapour deposition (CVD) [59, 60], MBE [27, 61-63],
halide vapor phase epitaxy (HVPE) [41, 64-67], metal organic chemical vapor phase
7
2.2. Gallium Oxide
Figure 2.3: Crystal structures of monoclinic β-Ga2O3. The oxygen atoms are shown as red
and the gallium atoms as blue spheres. The possible cation sites are shown next to the unit
cell. The graphics were created with VESTA3 [42].
epitaxy (MOVPE) [68], and atomic layer deposition (ALD) [69,70]. Monoclinic single
bulk crystals (e.g. substrates) can be synthesized by the floating-zone technique (FZ)
[71-73], the edge-defined film-fed growth (EFG) [74] and the Czochralski (CZ) [75, 76]
method.
Former studies showed that variations in the growth conditions can influence the
thin film thickness and growth rates due to the formation and subsequent desorption
of volatile Ga2O suboxides. During MBE synthesis, Vogt and Bierwagen established
a correlation between layer thickness and oxygen- or gallium-flux, respectively [27,
28]. With an increased Ga-flux, a reduced thin film thickness was observed. An
enhancement of the O-flux resulted in thin films with increased layer thickness. Similar
observations were reported for PLD grown thin films by Müller et al., where decreasing
oxygen pressure (p(O2)) cause a reduction in growth rates [25]. Furthermore, Zhang
et al. demonstrated that high growth temperatures (Tg) results also a reduction in
growth rates for PLD grown thin films [26]. This drop in film thickness or the growth
rate is caused by the formation and subsequent desorption of volatile suboxides in an
oxygen poor growth regime. Figure 2.4 illustrates how the atoms involved behave in
an oxygen rich or a poor regime, respectively. While in the former case all offered
atoms are incorporated into the thin film layer, in the second case volatile suboxides
consisting of two Ga atoms and one O atom are formed due to a lack of oxygen. The
suboxides desorb and are not embedded in the layer resulting in a lower film thickness
and thus growth rate. Ga2O suboxides can either be formed in the ambient before thin
film crystallization or in the course of an etching process. In the latter case, Ga atoms







(a) oxygen rich regime ( oxygen poor regimeb)
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O
Figure 2.4: Schematic growth mechanism of β-Ga2O3 thin films for (a) an oxygen rich
regime, where all offered atoms are incorporated into the layer or (b) an oxygen poor regime,
where volatile Ga2O forms and desorbs.
the suboxides (and with that the growth rate/layer thickness) can thus as a side effect
be controlled by the growth temperature as well as the oxygen supply in the case of
MBE or the oxygen pressure applied in the case of PLD.
So far, many theoretical calculations were published about the electronic structure
of β-Ga2O3, based on the density functional theory (DFT) approach [37, 77-81]. The
results of the calculations are quite similar and show that the conduction band mini-
mum (CBM) is located at the Γ point while the valence band exhibits an almost flat
dispersion. He et al. demonstrated that the valence band maximum (VBM) occur
at the M-point leading to an indirect bandgap with an energy of 4.66 eV as well as a
slightly lower direct bandgap of 4.69 eV at the Γ-point [37]. Similar calculations were
presented from Peelaers et al. with an indirect bandgap of 4.84 eV and a direct one
of 4.88 eV or Varley et al. with an indirect bandgap of 4.83 eV and a direct one of
4.87 eV [79, 80]. Since the difference between both types of bandgaps is quite small,
β-Ga2O3 is described as direct semiconductor with an experimentally determined op-
tical bandgap ranging between 4.6-5.0 eV [1]. The asymmetrical crystal structure of
the monoclinic β-gallia modification results in an optical anisotropic behaviour. Mat-
sumoto et al. conducted a study to systematic investigate the optical anisotropy of
vapor grown single crystal platelets of β-Ga2O3 at RT [82]. In summary, they reported
for light polarized E‖b an absorption edge of 4.90 eV, 4.54 eV for E‖c and 4.56 eV for
E⊥b&c [82]. Another study of FZ grown single crystals performed by Ueda et al. yields
similar values of 4.90 eV for E‖b and 4.59 eV for E‖c [83].
In addition, the monoclinic phase was extensively electrically characterized, whereby
a maximum room temperature (RT) electron mobility of µ = 176 cm2/Vs [84] was found
for an epitaxial grown and Si-doped thin film. So far, the high theoretical calculated
breakdown field of 8MV/cm [34, 83] could not be reached, but it was possible to
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Figure 2.5: Crystal structures of orthorhombic κ-Ga2O3. The oxygen atoms are displayed
as red and the gallium atoms as blue spheres, wherein the octahedrally bonded atoms are
shown brighter than the tetrahedrally bonded Ga atoms. The graphic was created with the
software VESTA3 [42].
fabricate a β-Ga2O3 thin film with a breakdownfield of 4.2MV/cm by low pressure
CVD [85] . The charge carrier concentration reaches values up to 1. 44× 1019 cm−3 for
unintentionally doped epitaxial thin films [41] and can be tuned by doping with Sn or
Si [86-88].
2.2.2 Orthorhombic κ-Ga2O3
In the literature, this polymorph is often denoted as ε-phase, but this is mainly asso-
ciated to a hexagonal lattice structure with space group P63mc [16, 89, 90]. However,
detailed transmission electron microscopy (TEM) investigations conducted by Cora et
al. revealed that this polymorph crystallizes in an orthorhombic lattice structure hav-
ing space group Pna21 [35]. Due to its isostructurality to the κ-alumina phase, Cora
et al. suggested the use of the notation of κ-Ga2O3. Even though many publications
support the orthorhombic structure afterwards, both nominations (κ and ε) can be
found in literature. Within the semiconductor physics group of the University Leipzig,
the notation as κ was decided upon, therefore it is used in this thesis and the related
publications.
Figure 2.5 demonstrates the orthorhombic unit cell, formed out of two different stack-
ing layers. The first consists only of octahedrally ordered Ga sites and the other of alter-
nately arranged octahedrally and tetrahedrally ordered Ga sites, resulting in an Oh:Td
ratio of 3:1. The lattice constants of this structure are determined to be a= 5. 046Å
b= 8. 702Å c= 9. 283Å [35]. κ-Ga2O3 typically grows in a columnar fashion and forms
three rotational domains, which are rotated by 120◦ with respect to each other, which
can be clearly distinguished by XRD φ-scans [E11].
The electronic band structure of κ-Ga2O3 was derived by DFT calculations, demon-
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strating a flat valence band, as for β-Ga2O3, which results in a bandgap energy of
4.6 eV [20]. With angle-resolved photoemission spectroscopy (ARPES) measurements,
a bit higher VBM at the Γ-point was calculated leading to the assumption that the
orthorhombic phase offers actually a direct optical bandgap of around 4.4 eV [91].
Further experimentally determinations show slightly higher values of approximately
4.9eV [E11] [35].
So far, κ-Ga2O3 has been successful fabricated by mist CVD [92, 93], MOCVD
[35, 56, 57, 89, 91, 94-96], HVPE [97, 98], plasma-assisted and tin-assisted MBE [90, 99],
tin-assisted PLD [43] [E11], or ALD [100]. To stabilize the κ-phase via MBE or PLD, it
is necessary to add tin during growth, otherwise the β-polymorph is formed. Kracht et
al. proposed that the κ-phase is formed by a metal-exchange catalysis, which can also
be mediated by indium [90]. Depth resolved X-ray photoelectron spectroscopy (XPS)
measurements found tin only on the layer surface for PLD grown thin films [E11].
Therefore Kneiß et al. suggested a surfactant-mediated growth for the synthesis of
κ-Ga2O3 [E11].
Since tin is not incorporated in these tin-assisted PLD grown samples, it is required
to add a further dopant to induce an n-type conductivity. A successful intrinisic Si
and extrinsic Sn doping for with charge carrier concentrations of few 1018 cm−3 and
about 1017 cm−3 was achieved by Parisini et al. for samples grown by MOVPE [101].
Additionally, the κ-phase is the only polymorph of Ga2O3 that exhibits a spontaneous
electrical polarization P . Due to the possibility to attain polarization doping, the
scientific interest and thus the number of publications on this phase has increased
rapidly in the recent years. At the interface of orthorhombic Ga2O3/(AlxGa1−x)2O3 or
Ga2O3/(InxGa1−x)2O3 based heterostructures a discontinuous change of the polariza-
tion induces a charge accumulation, enabling for instance application in high-electron
mobility transistors.
2.2.3 Rhombohedral α-Ga2O3
The semi-stable rhombohedral modification is of particular interest, because it pos-
sesses the same lattice structure as the most commonly used α-Al2O3 substrates,
which results in a small lattice mismatch between layer (α-Ga2O3) and substrate (α-
Al2O3). So far, α-Ga2O3 can be stabilized on a-, c-, m- and r-plane sapphire by mist
CVD [36, 59, 102-106], mist epitaxy [107], HVPE [108-111], MOVPE [112], MBE [22],
PLD [E6], ALD [23] and the sol-gel method [113]. The usage of an α-Fe2O3 buffer
layer between substrate and thin film can positively promote the growth [93]. During
the deposition of other polymorphs, such as monoclinic or orthorhombic thin films, a
small 3-4 monolayers thick α-Ga2O3 interlayer between substrate and thin film was
11
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Figure 2.6: Stick-and-ball model of rhombohedral α-Ga2O3. The gallium atoms are indi-
cated as blue spheres and the oxygen atoms as red ones. The structure was drawn with the
software VESTA3 [42].
observed and reported for MOVPE, PLD and MBE [114], [E3]. The α-interlayer grows
coherently strained up to the point where the strain build up is too large, so that the
crystal turns over into β- or κ-phase.
Since the Ga atoms have larger ionic radii (0.62Å) compared to the Al atoms
(0.57Å), the lattice parameters of α-Ga2O3 are larger than those of α-Al2O3 and
amount to a=4.9825,Å and c=13.433Å [36]. A rhombohedral unit cell including
the octahedral ordered cations and oxygen atoms is presented in fig. 2.6. Of all re-
ported polymorphs, this phase has the highest optical bandgap with energies ranging
between 5.0 eV and 5.3 eV [102, 108, 110, 112, 113]. By an additional Sn- [59, 106, 115],
Si- [116], or F-doping [117] it is possible to obtain n-type conducting thin films enabling
the preparation of highly rectifying Schottky barrier diodes [103,107,118].
2.2.4 Defective-spinel γ-Ga2O3
The thermodynamically least stable gallia modification is the cubic defective-spinel γ-
phase. The space group is Fd3̄m and the lattice constant was determined to a=8.2376Å
[38]. The ratio of Oh to Td ordered Ga sites is 2:1. So far, stabilization of γ-Ga2O3
has only been possible with a few techniques, such as mist CVD [39], MOCVD [112]
or a solvothermal oxidation of gallium metal in ethano lamine [119]. Furthermore,
this polymorph can be obtained by PLD using a Mg-doped target [120]. Via MBE
γ-Ga2O3 thin films doped with Mn or Fe were reported [121, 122]. The γ-phase can
also be achieved by baking κ-Ga2O3 at around 820◦C [123]. Oshima et al. determined
a direct bandgap of 5.0 eV [39].
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Figure 2.7: Stick-and-ball model of the cubic crystal structure of In2O3 created with
VESTA3 [42]. The indium atoms are indicated as yellow spheres and the oxygen atoms
as red ones.
2.3 Indium Oxide
Indium oxide crystallizes in thermodynamic equilibrium in the body-centered cubic
(bcc) In2O3 structure, sometimes referred to as bixbyte structure. Cubic In2O3 be-
longs to space group Ia3 with the lattice constant a=10.117±0.001Å [124]. Figure 2.7
demonstrates the unit cell of cubic In2O3, which consists of 16 molecules or 80 atoms,
respectively. The In atoms are six-fold coordinated and can occupy in the unit cell
either the Wyckhoff position 8b (cation lies on the space diagonal between two oxygen
vacancies) or the Wyckhoff position 24d (within the bcc cell with the oxygen vacancies
located on the surface diagonal) with a cation ratio of 1:3.
Binary cubic In2O3 can be fabricated by different growth methods such as PLD [125-
129], MBE [130-135], MOCVD [136-138], sputtering [139-141], and others. In most
reports, YSZ, ZrO2 (100) or Al2O3 (00.6) are employed as substrates.
First optical investigations of Weiher and Ley indicated that In2O3 can posses an
indirect, forbidden band-to-band transition of 2.62 eV or a direct transition of 3.75 eV
[142]. Walsh et al. showed later an upper bandgap limit of the direct, parity-forbidden
transition of 2.9 eV [143]. Experimental studies discovered the bandgaps energies of
about 3.7 eV complying the first dipole allowed band-to-band transition [142,144].
The semiconductor is intrinsically n-type with a high accumulation of charge carriers
near the surface, which has in the early stages been an impediment in the fabrication
of Schottky contacts. Nominally undoped In2O3 can exhibit free charge carrier concen-
trations in the range of 1018 to 1019 cm−3 [126, 145]. The best known doping of In2O3
is probably that with Sn, which is already known as ITO finding increased industrial
application as a transparent conductive oxide.
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Figure 2.8: Optical bandgap Eg as a function of selected lattice constants for the ac-
tual miscibility gaps of the (a) α-, (b) β- and (c) κ-polymorph of the (AlxGa1−x)2O3 and
(InxGa1−x)2O3 alloys. The actual miscibility gaps are labeled in the graphs. The data are
in accordance to Ref.[E7].
2.4 Ternary Alloys of the Group-III Sesquioxides
The opportunity to alloy the group-III sesquioxides with each other, for instance, al-
lows to precisely tailor the optical bandgap. Due to the different crystal ground states
of the binary materials, it is required to identify the specific miscibility limits of the
particular alloys, since the amount of maximum cation composition defines the possible
tunable bandgap range. Usually, phase separation occursfor higher composition ratios.
Figure 2.8 depicts the current miscibility limits with the resulting bandgap ranges and
evolution of selected lattice constants for the α-, β- and κ-modifications. Characteristic
physical properties, such as the evolution of the optical bandgaps or the lattice param-
eters as a function of the chemical composition in (AlxGa1−x)2O3 and (InxGa1−x)2O3
thin films occupy a significant part of the cumulative part of this work, hence only a
short insight is given in the following. The growth methods with which the respective
ternary alloys could be stabilized to date are summarized in tab. 2.2.
2.4.1 Aluminum Gallium Oxide
First studies of the solubilities of Ga2O3 in α-Al2O3 as well as Al2O3 in β-Ga2O3
were carried out by Hill et al. in 1952 [146]. In the former case, they showed a
maximum cation basis of 25% and for Al2O3 in β-Ga2O3 a limit of 67%. Later investi-
gations of Mizuno et al. and Jaromin et al. of solid soultions found solubility limits of
Ga2O3 in α-Al2O3 of 15% or 12%, respectively [147,148]. The reported maximum Al-
contents in β-Ga2O3 are 75% or rather 78%. In subsequent experimental investigations
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Table 2.2: Selected exemplary growth methods with several references for the rhombohedral,
monoclinic, orthorhombic, and cubic polymorphs of the (Al,Ga)2O3 and (In,Ga)2O3 alloys.
Polymorph Growth method
α-(Al,Ga)2O3 mist CVD [2,151-153], PLD [154], MBE [155]
β-(Al,Ga)2O3 PLD [156-159], MBE [149,160-162], sputtering [163]
κ-(Al,Ga)2O3 mist CVD [164], PLD [E3,E4,E13]
α-(In,Ga)2O3 mist CVD [2,165,166]
β-(In,Ga)2O3 MOCVD [167], PLD [129, 168-170], [E8], MBE [62, 99, 171],
sol gel method [172]
κ-(In,Ga)2O3 mist CVD [173], PLD [E5,E12]
c-(In,Ga)2O3 MOCVD [174,175], PLD [169], [E8], MBE [11], sol-gel method
[172]
of (AlxGa1−x)2O3 thin films, Oshima et al. found a maximum Al incorporation into
the β-gallia structure of 61 at.% [149]. Since Ga2O3 can also crystallize in the rhom-
bohedral crystal structure, the α-phase can be stabilized in the entire compositional
range [150] [E6]. The orthorhombic κ-phase is a metastable polymorph of Ga2O3 as
well as of Al2O3, so there should be no miscibility gaps. In practice, however, only
a maximum incorporation of Al in κ-Ga2O3 of 65 at.% has actually been achieved so
far [E13]. The reverse case has not yet been investigated.
In the monoclinic and orthorhombic crystal structure, the Al atoms occupy initially
the octahedrally coordinated cation sites. If all Oh are occupied, Al occupy the tetra-
hedrally ordered ones. The incorporation of the smaller aluminum atoms (ionic radius
of Al and Ga: rAl = 0. 535Å rGa = 0. 62Å) into the lattice structure reduces the
distances in the unit cells. The change of the lattice parameters is linear (see fig. 2.8)
and follows Vegard’s law as long as only the octahedral lattice places are occupied.
The phase limits and thus the optical bandgap ranges of each polymorph are given in
fig. 2.8 and discussed in detail in Ref. [E7] as part of this thesis.
2.4.2 Indium Gallium Oxide
In the ternary alloy of Ga2O3 with In2O3, phase separations also occur for certain
cation compositions due to the different ground states of the materials. Goldschmidt
et al. were one of the first research groups investigating this alloy in 1925 [176]. They
were able to distinguish three different crystal structures: the β-gallia phase, the cu-
bic bixbyite structure and a hexagonal intermediate phase called InGaO3II phase as
well. Later investigations of Shannon and Prewitt determined phase stability of the
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Figure 2.9: Ball-and-stick model of the hexagonal InGaO3II phase created with VESTA3
[42]. The turquoise spheres indicate the five-fold coordinated Ga sites, the yellow spheres the
six-fold coordinated In sites and the red ones the oxygen atoms.
monoclinic structure for x=0.25, x=0.33 and x=0.5 (note, that an impurity phase of
bixbyite In2O3 was also present in the x=0.5 mixture) and observed at high-pressures
the hexagonal structure crystallizing within the P63/mmc space group [177]. In this
structure, the Ga atoms occupies five-fold and the In atoms six-fold coordinated lattice
places. The InO6 and GaO5 polyhedra layers alternate along the c-direction, as pre-
sented in fig. 2.9. The larger In atoms (rIn = 0. 8Å) induce the expansion of the unit
cell resulting in increasing lattice constants following Vegard’s law as demonstrated in
fig. 2.8.
Due to the reduction of the bandgap energy by the incorporation of In atoms,
this enables potential bandgap engineering between 4.9 and 3.7 eV. Reports over first
electrical transport measurements [168, 172, 175, 178, 179] [E8] are available and the
number of publications increased over the years. Starting from the Ga rich side of the
phase diagram, the α- and κ-phases were investigated in addition to the β-phase. The
maximum solubilities shown so far are x≤ 0.35 for the β- and κ-polymorph [11] [E5]
and x≤ 0.08 and for the α-polymorph [165]. Vice versa, Ga can be incorporated in
α-In2O3 up to 33 at.% [2] and in cubic In2O3 up to 50 at.% [174, 175]. The resulting
bandgap ranges of the described polymorphs are summarized in fig. 2.8 and described
in chapter 4.
Studies on (In,Ga)2O3 thin films revealed that in an oxygen poor regime in addition
to the formation of Ga2O, In2O is also formed [E5,E8] [171]. Because of the stronger
Ga-O bond compared to the In-O bond, rather In2O suboxides are formed and desorbed
leading to a comparatively smaller amount of In atoms than Ga atoms in the layer.




The thin films discussed in this thesis were fabricated by pulsed laser deposition (PLD).
Due to a high-energy laser, material of a ceramic target is vaporized and interacts with
the laser light such that a plasma plume originates, which is directed on an opposing
substrate, where the material subsequently condensates and a thin film forms [180]. To
create thin films with a lateral varying cation composition, a combinatorial approach for
PLD was implemented. The resulting cation ratio was determined by energy dispersive
X-ray spectroscopy (EDX) and the crystal structure by X-ray diffraction (XRD). Fur-
ther structural investigations were partly performed by atomic force microscope (AFM)
or transmission electron microscopy (TEM). Optical properties, like bandgap energy or
dielectric constants, were investigated by transmission spectroscopy and spectroscopic
ellipsometry. The following section will give a brief overview about these techniques.
(a) (b)
Figure 3.1: Picture of (a) the PLD chamber utilized at the semiconductor physics group
of the University Leipzig and (b) of a plasma plume generated by a Ga2O3 target. The red
arrow indicate the path of the laser beam.
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3.1 Thin Film Preparation
Figure 3.1(a) presents an image of the PLD chamber of the semiconductor physics group
where all samples discussed in the cumulative part of this thesis were deposited. The
corresponding schematic layout is shown in fig. 3.2. A KrF excimer laser (Coherent LPX
Pro 305, 248 nm) is directed through a quartz window on a ceramic target consisting
of the material from which the thin film is later formed. The energy density of the
laser beam is 2.6 Jcm−2 on the target surface leading to an evaporation of the target
material. Then, the interaction of the laser light with the ablated material creates a
plasma state. Due to a pressure gradient the material spreads away from the target in
the shape of a plasma plume. This material condenses and forms a thin film when it
hits the substrate. Figure 3.1(b) shows such a plasma plume formed using a ceramic
Ga2O3 target. Target and substrate are mounted rotatable opposite each other at a
distance of 10 cm and with a small lateral offset ε to each other. ε enables a consistent
condensation of the plasma material on the substrate and thus the formation of a
homogeneous thin film. In addition to the target rotation, a periodic vertical target
movement causes an even material removal of the target material. Since the ceramic
targets are fabricated within the semiconductor physics group, material alloys, e.g.
(Al,Ga)2O3 or (In,Ga)2O3 can be synthesized. Before the thin film deposition starts,
the PLD chamber is evacuated and a free selectable process gas is inserted with an
intended partial pressure. For the deposition of oxide semiconductors, oxygen (O2) is















Figure 3.2: Schematic structure of the setup to synthesis a homogeneous thin film by PLD.
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CCS DCS VCCS
PLD approaches
Figure 3.3: Graphical overview about the combinatorial PLD approaches for thin film
deposition. A two-fold segmented target (left) can be applied to fabricate a thin film with a
lateral varying material composition (CCS). With a radially segmented target, it is possible
to create either thin films with a homogeneous cation distribution (DCS) or a thin films
having a vertically varying cation composition (VCCS).
Combinatorial thin film synthesis
Ternary alloys with any cation mixtures can be deposited by using different alloyed
single ceramic targets, but since the amount of targets required to study an entire com-
position range is very high, combinatorial approaches are preferred. At the University
of Leipzig, especially by Wenckstern et al. [24] [E14], methods have been developed and
employed where only one segmented target is needed to realize many different alloy
compositions. These possibilities lead to a more efficient use of the source materials.
Applying a two-fold azimuthally segmented target allows the fabrication of thin films
having a lateral CCS, while radially segmented targets offer the possibility to synthesize
samples either for a discrete compositional screening (DCS) or a vertical continuous
composition spread (VCCS). The target layouts and their resulting alloy distribution
maps are depicted in fig. 3.3. The CCS approach is discussed in detail below and the
DCS and VCCS approaches are briefly outlined.
(i) CCS approach
One purpose of this work is the systematic investigation of different alloy systems
and phases of the group-III sesquioxides. In order to investigate the properties of the
different alloys and phases as a function of composition, the CCS approach is mainly
applied within the scope of the present work. First, a ceramic target consisting of two
halves is produced at the University of Leipzig. One half consists of the material that
represents one end of the composition range and the other half consists of the other end
of this range. At the beginning of this thesis, two separate targets were manufactured,
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Figure 3.4: (a) Photography of a two-fold azimuthally segmented ceramic PLD target to
fabricate thin films by the CCS approach. (b) Schematic representation of the combinatorial
CCS-PLD approach. An exactly the same rotational speed of target and substrate ensures
the production of a thin film with a lateral varying cation composition.
where each was cut in tow halves and one segment of each material was mounted in the
holder. With this method, due to different evaporation rates and shrinkage, targets of
different sizes (e.g. thickness and radius) were produced, which made the installation
in the target holder challenging. To avoid this, the halves are meanwhile assembled
together. The respective material mixtures are pre-sintered individually, then pressed
and sintered again together in the target form. Figure 3.4(a) shows a picture of such a
two-fold target mounted in a target holder. Opposite the target, a two inch in diameter
large substrate is placed with an arbitrary lateral offset (ε > 0), related to the position
of the target, in the PLD chamber. To deposit a thin film with a laterally changing
cation gradient, the rotation speeds of target and substrate must be exactly the same.
Due to the target rotation, the chemical composition of the plasma plume, which is
created by the laser spot, changes at the interface of both segments and leading at this
positions to a mixing of the ablated material.
Figure 3.4(b) shows the schematic representation of the ablation process: When
the laser spot is located at material A, this material is ablated and condenses on the
substrate. The same process occurs on the other side with material B. As a result of
the same rotational speed, material B condenses on the side of the substrate rotated
by 180◦. At the interface of the segments are partly material A and partly material
B ablated. In short, this results in a mixed condensation of the materials (AxB1−x)
depending on the position of the laser spot. The complete process is then repeated
until a desired layer thickness is achieved.
The obtainable composition range as well as the thin film thickness depends strongly
on the geometric arrangement (ε, target-to-substrate distance), the background pres-
sure and temperature in the PLD chamber as well as the materials used, especially
their composition and sputter yield [E14]. The expected chemical composition when
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where γA and γB describes the materials transfer coefficients, r the radial position on
the substrate, ε the lateral offset from the substrate center to the projection of the
laser spot, n the influence of the background pressure, and zs the target-to-substrate
distance, which is fixed at 10 cm. Note, that γA = 1 is fixed and γB is variable. The




and the thin film thickness is
t(r) = (fA(r) + fB(r)) · k (3.4)
with k being the amount of ablated material during an experiment. For convenience,
k is set to 1 in the following.
Figure 3.5 presents simulated curves for ε = 10mm, ε = 18mm and various n to
reveal their influence on the alloy composition x and thin film thickness t. As visible in
Fig. 3.5(a), expands the achievable elemental composition range with increasing lateral
offset ε and decreasing background pressure (increasing n). In addition, it can be
observed that the cation gradient gets slightly S-shaped for higher ε. Due to an overlap
of the plasma plume for a small lateral offset (ε = 10mm), the layer thickness varies
significantly over the gradient. For ε = 18mm, the difference in film thickness between
substrate center and outside is considerably lower. The variance diminishes further
with increasing n, until the thickness in the center of the thin film is smaller than at
the outsides.
In the experiments of this work, the influence of the background pressure can be
modeled for (AlxGa1−x)2O3 by n = 17 and for (InxGa1−x)2O3 by n = 19. Further,
the lateral offset of ε = 18mm was chosen in the experiments to create a preferably
homogeneous thin film thickness across the whole sample and to achieve a preferably
high composition range as well. Further information and a detailed description of this
approach can be found in Refs. [24] and [E14].
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Figure 3.5: (a) presents the chemical composition x and (b) the thin film thickness t as a
function of the position on the sample z, where z = 0mm denotes the sample center. The
influence of the background pressure on the cation composition x and the thin film thickness
is described by the variation of n (low pressure corresponds to high n and vice versa) as
marked in the inset of the graphs.
(ii) DCS and VCCS approach
For the synthesis of DCS and VCCS thin films, the same radially segmented ceramic
target can be employed, as shown in Fig. 3.3. In contrast to the PLD processes shown
so far, the target is not moved in the vertical axis for a thin film created by the DCS
approach. Only a constant radial position of the laser spot enables the deposition of
a distinct and constant material composition when using this approach. With a fixed
radius, the ratio of the inner segment (material A) and the outer segment (material B)
remains constant over the ablation period, allowing the fabrication of a thin film with a
homogeneous cation composition. In fig. 3.6 an illustrative representation describes the
impact of radial position of the laser spot on the alloy composition. A higher distance
from the target center implies that the proportionate removal of the outer material
increases. Due to the variation of the radial laser spot position, this approach allows
the creation of a discrete material library [182].
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Figure 3.6: Schematic representation of the combinatorial VCCS-PLD approach. (a) dis-
plays the creation of a homogeneous thin film using a fixed distance of the laser spot from
the target center (R1). (b) shows that another radial position (R2) leads to a homogeneous
thin films with a slightly different alloy composition. The illustration is created in accordance
with Ref. [181].
Further, such a radially segmented target can be used to fabricate thin films with
a vertically varying cation distribution by an even change of the radial laser spot
position during deposition, hence this approach is abbreviated with VCCS (vertical
continuous composition spread). A detailed description of these approaches can be
found in Refs. [182] and [E14].
3.2 Thin Film Analysis
3.2.1 Energy Dispersive X-ray Spectroscopy
The elemental composition of the materials can be determined by EDX measurements.
Photons from a highly energetic electron beam (several keV) encounter the sample
and transmit its energy to the electrons of the inner atomic shells. When the photon
energy exceeds the binding energy of the electrons, electrons are released from the inner
atomic shells. The more energetic electrons of the outer atomic shells then occupy the
vacated positions and emits characteristic X-ray radiation, which is detected by an X-
ray detector. Besides the characteristic energy of the X-Ray peak for each element, the
additional comparison of the intensity ratios of the peaks allows the determination of
the element stoichiometry. Since the photons have to pass through the sample surface,
photoelectric absorption can occur, which leads to an intensity reduction of all photon
energies. Furthermore, the penetration depth of the X-rays depends on the applied
acceleration voltage and can reach several μm. The conducted EDX measurements
carried out in this thesis were performed using a FEI Nova Nanolab 200 equipped with
an Ametek EDAX detector. Further information can be found in Ref. [183].
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Figure 3.7: Schematic structure of (a) lattice planes in a crystal to deduce the Bragg
equation and (b) possible measurement directions of the XRD setup.
3.2.2 X-ray Diffraction
Crystal structure investigations using XRD exploit the interaction of electrons with
X-rays leading to diffraction, interference and scattering phenomena. The crystal acts
as a diffraction lattice with lattice plane distances (dhkl) of a few Å. In a X-ray tube
accelerated electrons (several 10 keV) hit the atomic shells under a distinct angle of
incidence leading to the excitation of core electrons. The free electron levels will be
refilled by electrons from outer shells. The subsequent detection of the X-rays results
in a characteristic diffractogram, which is unique for each crystalline material. Usually,
a Cu Kα radiation of λ ≈ 1. 54Å is applied.
The most common methods and arrangements can be described with the help of
the Bragg equation, which can be modeled by constructive interference between two
X-rays, scattered on two lattice planes, as sketched in fig. 3.7(a). The resulting path
difference must be a multiple (n ∈ N) of the wavelength for constructive interference
and is expressed by:
nλ = 2 dhkl sin(θ) (3.5)
where 2θ describes the angle between incident and scattered beam. The lattice planes
are characterized by the Miller indices {hkl}. The three main measurement options
used in this thesis are briefly described below and were measured by a PANalytical
X’pert PRO MRD diffractometer equipped with a PIXcel3D detector operating in 1D
scanning line mode with 255 channels (for 2θ-ω scans), receiving slit mode (for φ-scans)
and fast 2D frame based mode (for RSMs).
2θ-ω scans:
The crystal structure of the sample, can be deduced by acquiring 2θ-ω scans. There-
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fore, the X-ray tube (see fig. 3.7(b)) is rotated by ∆ω, which is the incident angle
regarding the surface normal, while the detector is rotated at twice the amount of
the 2θ angle, simultaneously. The received XRD pattern reveals the positions of the
reflection peaks, which are characteristic for each crystal structure. In addition, the
lattice plane distances can be obtained due to the Bragg’s equation.
φ scans:
To investigate the epitaxial growth of the thin film as well as the epitaxial relation
between thin film and substrate, φ-scans are required. For this, the XRD setup has
approached to the angular position of an asymmetric or a skew-symmetric reflex of the
crystal structure for which the 2θ, ω and χ angles has to remain fixed. Subsequent,
the sample is rotated around the φ-axis.
reciprocal space map (RSM) scans:
In the RSM application, the 2θ and the ω angles are varied so that ω is changed step
by step for each 2θ position. The individual scans produce a chart in the reciprocal









[sinω + sin (2θ − ω)] (3.7)
can be calculated. With the respective intensities, the RSM yields from these data.
Based on the RSMs, conclusions can be drawn about relaxed or pseudomorphic growth
as well as the size of lattice constants.
3.2.3 Atomic Force Microscopy
Besides elemental composition and crystal structure, the surface morphology of a thin
film provides information about structural material properties. The sample surface
can be recorded by AFM measurements, either in contact or in non-contact mode.
Depending on the size of the surface grains or liquid shreds, both modes can be selected.
A cantilever, mounted perpendicular to the sample surface, with a sharp tip (radius
of a few nm) can be adjusted in z-dimension (height) and thus be brought close to
the surface. An infrared laser beam is directed on the tip, where it is reflected to an
four-quadrant photodiode. The tip oscillates close to its resonance frequency and its
magnitude and phase will be detected. In contact mode the measuring tip touches the
surface causing resonance curve shifts of the tip oscillations. In non-contact mode the
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tip hovers briefly above the surface and attractive Van-der-Waals forces and repulsive
electrostatic Pauli repulsions affect changes in the oscillations. By moving in x- and y-
direction (xy-piezo built into the sample stage), surface morphologies up to several ten
μm can be scanned. The measurements were performed using a Park Systems XE-150
atomic force microscope. The data were evaluated by Gwyddion [184].
3.2.4 Transmission Spectroscopy
By means of transmission, the optical band edges of the materials can be determined
and then the optical band gap can be calculated. For the transmission spectroscopy the
light of a deuterium and a halogen lamp is used, allowing measurements in a spectral
range of 200–2000 nm. A monochromator filters unintentional radiation and a beam
splitter divides the light into a reference and a measuring beam, whereby the latter






with the incident (transmitted) intensity I0 (IT), the reflection R, the absorption coef-
ficient α, and the thin film thickness d.
The light passes through the surface into the thin film and is reflected at the back
and front and is reflected between the substrate/film interface and the surface of the
film. Since they are parallel to each other and the thickness of the thin film is less
than the coherence length of the light, multiple reflections occur. Since the thin film





where ∆Eph is the energetic distance of the transmission maxima, n the refractive
index and λ the wavelength of the incident light. The transmitted light as well as the
reference beam are detected by a photodiode. Thus the photon Energy Eph is given by
Eph = hcλ−1 with the Planck constant h and the velocity of light c. The absorption
coefficient can be derived from Lambert-Beer’s law, neglecting the reflection:
IT = I0e−αd. (3.10)
For direct semiconductors α ∝ (Eph−Eg)1/2, and for indirect ones α ∝ (Eph−Eg±hνph)2
can be applied, where νph defines the phonon frequency [185]. The measurements were
performed using an UV/VIS-dual beam spectrometer Lambda 19 from Perkin-Elmer.
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3.2.5 Spectroscopic Ellipsometry
Spectroscopic ellipsometry allows the determination of the optical bandgap, the thin
film thickness, the dielectric constant as well as the refractive index by studying the
polarization change of light, which is reflected by the thin film investigated.
The optically biaxial thin films can be described by an uniaxial model, where the
optical axis is parallel to the surface normal. By using standard ellipsometry [186], the
ellipsometric parameters Ψ and ∆ can be obtained from
ρ = rp
rs
= tanΨ · ei∆ (3.11)
with the polarization change ρ and the complex reflection coefficients rp and rs of
parallel and perpendicular polarized light. In order to reduce the dependence of Ψ
and ∆ on the angle of incidence, these quantities have to be converted into a pseudo
dielectric function (DF) [187]
< ε >=< ε1 > +i < ε2 >= sin2 Φ
1 + tan2 Φ(1− ρ1 + ρ
)2 (3.12)
with Φ being the angle between the sample normal and the incident light. Then, the
DF was simulated using a layer stack model, which consists of a substrate layer, a
layer describing the thin film and a surface layer. Based on the simulations, optical
band gap and thin film thickness can also be obtained. Further, the refractive index n
can be described for isotropic and transparent materials by the Cauchy function, i.e.
n = A+B/λ2 +C/λ4. A dual rotating compensator ellipsometer (RC2, J.A. Woollam





4.1 Phase Formation and Desorption Processes of β-
and κ-(Al,Ga)2O3 Thin Films
The content of this section has been published in the following two manuscripts:
Reprinted with permission from
A. Hassa, H. von Wenckstern, L. Vines, and M. Grundmann:
Influence of Oxygen Pressure on Growth of Si-Doped β-(AlxGa1−x)2O3 Thin Films on
c-Sapphire Substrates by Pulsed Laser Deposition, ECS Journal of Solid State Science
and Technology, volume 8, no. 7, pages Q3217–Q3220 (2019). Copyright 2019 by ECS.
doi:10.1149/2.0411907jss
Reprinted from
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M. Albrecht, M. Lorenz, and M. Grundmann:
Control of phase formation of AlxGa1−x)2O3 thin films on c-plane Al2O3, Journal of
Physics D: Applied Physics, volume 53, no. 48 (2020). Available under the Creative
Commons Attribution 4.0 licence at:
doi:10.1088/1361-6463/abaf7d
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Ga2O3 is a deep-UV transparent semiconducting oxide being interesting for solar-blind photo detectors e.g. for flame or missile
plume detection. The bandgap of about 4.9 eV can be increased by alloying with Al2O3. We have investigated β-(Al,Ga)2O3 thin
films grown by pulsed laser deposition (PLD) on (00.1) Al2O3 with regard to the influence of the growth parameters such as growth
temperature (Tg) and oxygen partial pressure (p(O2)) on the structural, optical and electrical properties of the samples. The thin films
have (-201) orientation and the cation incorporation strongly depends on the deposition parameters. At a given Tg, the incorporation
of Al is favored for lower p(O2) due to higher dissociation energy of the Al-O bond compared to the Ga-O bond. At a given p(O2),
the incorporation of Al is favored for higher Tg due to desorption of gallium sub-oxides during growth.
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The wide bandgap semiconductor gallium oxide is more and more
explored for high-power electronics, because of its promising mate-
rial properties, such as beneficial breakdown voltages and large power
semiconductor device figures of merit. Further applications include
quantum well infrared photodetectors or deep UV-photodetectors like
flame sensors for missile plume detection, biological and chemi-
cal sensors for ozone detection or gas sensors. In addition, Ga2O3
finds use in touch panel displays, solar cells or optical commu-
nications, such as intra- and inter-satellite secured communication
systems.1–3
Ga2O3 occurs in different polymorphs, denoted by α, β, γ, δ, ε,4
and κ.5 Because of it is thermodynamical stability, the monoclinic β-
structure is the most studied phase, so far. The large bandgap energy of
the binary oxide ranges between 4.7 and 5.0 eV. The optical anisotropy
and dichroism have been investigated in detail in Ref. 6. The gap can
be tuned by alloying with In2O3 or Al2O3.1–3 Up to now conducting
(In,Ga)2O3 thin films with a tailored bandgap could be produced and
devices based on the ternary alloy were realized.2,7 The most challeng-
ing part will be the fabrication of conducting (Al,Ga)2O3 thin films.
Since intrinsic defects such as oxygen vacancies do not contribute to
the conduction of Ga2O3,8 extrinsic doping is necessary to realize elec-
trical devices.9 Possible suitable cations for doping are silicon,2,10–12
tin2,13 or germanium2,14 Hence these cations are part of the present
study to create conducting samples. In the β-Ga2O3 crystal structure,
Al replaces Ga at octahedral sites, which induces changes of the crys-
tal structure and thereby in the lattice constants as reported by Kranert
et al.15 Schmidt-Grund et al. investigated the relating bandgap depen-
dency on the aluminum content xAl, which can be described by the
formula Eg = (4.811 + 2.138 xAl) eV for 0.11 ≤ xAl ≤ 0.55.16
In the fabrication of thin films by means of pulsed laser depo-
sition (PLD) the oxygen pressure p(O2) and growth temperature Tg
influence the growth process and the thin film properties indepen-
dently. For binary β-Ga2O3 thin films, Müller et al. observed decreas-
ing growth rates with decreasing p(O2)12 and Zha et al. reported de-
creasing growth rates with increasing Tg.17 For ternary (Al,Ga)2O3
thin films, Wang et al. characterized the influence of the growth tem-
perature and showed that for increasing Tg lower growth rates were
observed.18 Wakabayashi et al. showed the influence of p(O2) on PLD
grown (Al,Ga)2O3 samples.19 For low oxygen pressures they observed
a decrease of the growth rate and a non-stoichiometric transfer of Ga
zE-mail: anna.hassa@physik.uni-leipzig.de
and Al atoms. They showed that this process can be suppressed by
using an oxygen-radical atmosphere during growth. As a result the
growth rates recovered and a stoichiometric transfer was observed.19
Further, Feng et al. reported a non-stoichiometric cation transfer from
target to sample for PLD grown (Al,Ga)2O3 thin films, which was at-
tributed to the formation of the volatile suboxide Ga2O.20 The choice
of oxygen pressure and/or growth temperature during PLD influence
the growth rate and cation composition of (Al,Ga)2O3. Therefore, it is
of great importance to understand the growth process and the forma-
tion of volatile gallium suboxides as a function of p(O2) and Tg. The
central aspect of this work is the determination of the growth window
for which stoichiometric cation incorporation occurs. Furthermore,
it summarizes our attempts to fabricate electrically conducting thin
films.
Experimental
The samples investigated in this study were grown by pulsed laser
deposition (PLD) on (00.1) Al2O3. The ceramic targets for PLD consist
of Ga2O3 with 8.8 at.% Al2O3 and were additionally doped with dif-
ferent amounts of tin, silicon or germanium to improve electrical con-
ductivity. The growth temperature and growth pressure were changed
in a wide parameter space as can be seen in Table I. For the ablation we
used a KrF excimer laser (248 nm) with an energy density of 2 Jcm−2
at the target and a frequency of 15 Hz. The target to substrate distance
was 10 cm. The number of laser pulses was 30300 and the resulting
film thicknesses ranges between 400 and 1200 nm. Moreover, series of
samples were implanted with tin or silicon using a 1 MeV Tandem ac-
celerator from NEC. For each sample different implantation energies,
for Si, 36, 160 and 600 keV and with fluencies of 1.5 × 1013, 6 × 1013,
and 1.5 × 1014 cm−2, respectively, were used to obtain a homogeneous
implantation profile. For the Sn implanted samples we applied 600 keV
Table I. Range of Growth temperature Tg, oxygen partial pressure
p(O2) and cation composition of the used PLD targets.
Target: Growth parameters:
Ga2O3 + 8.8 at.% Al2O3 + Tg in ◦C p(O2) in mbar
0.2–4.4 at% SiO2 490–670 3 × 10−4–0.04
0.6 at% SnO2 400–670 3 × 10−4–0.024
0.9–4 at% GeO2 420–670 3 × 10−4–0.02
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Figure 1. XRD 2θ-ω scans of (Al,Ga)2O3:Si thin films deposited at a growth temperature of 670◦C and different oxygen partial pressures as labeled. The peaks
were assigned to reflections at lattice planes as labeled by comparison with JCPDS Card #76-0573.
and 2 MeV and with doses of 5 × 1013 and 1 × 1014 cm−2. To activate
the implanted Si and Sn, the samples were annealed at approximately
840◦C for one hour in nitrogen ambient. Thin film properties as the
alloy composition, structural, optical and electrical properties were in-
vestigated by means of energy-dispersive X-ray spectroscopy (EDX),
X-ray diffraction (XRD), atomic force microscopy (AFM), and Hall
effect measurements. The respective bandgap energies Eg and layer
thicknesses d were determined by transmission measurements. By ex-
trapolation of (αhν)2 vs. photon energy to zero the bandgap energies
were estimated and d can be calculated from observable layer thick-
ness oscillations using a refractive index of n ≈ 2.21 There, α describes
the absorption coefficient, h the Planck constant and ν the wave fre-
quency. For the transport measurements, ohmic contacts, consisting
of 30 nm thick layers of titanium, aluminum and gold (Ti/Al/Au),
respectively, were thermally evaporated on the corners of the square
samples through a shadow mask. Subsequently, these contacts were
annealed at 500◦C for 10 minutes in a nitrogen ambient.
Results and Discussion
The influence of the oxygen pressure during growth will be dis-
cussed in the following section based on a growth series deposited at
a growth temperature of 670◦C. The used target consists of 86.8 at.%
Ga2O3 + 8.8 at.% Al2O3 + 4.4 at.% SiO2 and the oxygen pressure was
varied in the range from 0.04 to 3 × 10−4 mbar. XRD patterns, shown
in Figure 1, indicate a strong influence of p(O2) on the crystallinity
of the samples. The peak appearing at 2θ = 41.68◦ can be assigned to
reflections on the (00.6) plane of the c-plane sapphire substrate. The
remaining visible reflection peaks belong to monoclinic gallium oxide.
For Ga2O3. For p(O2) ≤ 0.002 mbar the thin films grow only in [-201]-
direction and show reflection peaks at 2θ angles of 18.9◦, 38.4◦ and
59.2◦ corresponding to reflections at the (-201) lattice planes. Zhang
et al. and Wang et al. already reported that β-(Al,Ga)2O3 thin films on
sapphire substrates grow in [-201]-direction 18,22 as it is the case for
binary Ga2O3.2 Nakagomi and Kokubun recognized, that the order of
oxygen atoms of the (001) plane of c-sapphire and the correspond-
ing (-201) plane of β-Ga2O3 is equal23 leading to a minor mismatch
between both lattice planes. For growth pressure between 0.006 and
0.016 mbar additionally peaks at 30.4◦, 58.3◦ and 64.7◦ occur and
correspond to reflections at the (-401)-, (-313)- and (-204)-planes, re-
spectively. Further reflection peaks at 2θ = 29.8◦, 44.2◦, 45.3◦, and
60◦ are visible for p(O2) = 0.024 - 0.04 mbar and corresponds to the
(400)-, (-601)-, (600)-, and (113)-planes.
As the oxygen pressure in the PLD chamber increases, the kinetic
energy of the atomic and molecular species arriving at the substrate
decreases. The resulting smaller diffusion length leads to the formation
of smaller grains, increasing the probability that some of these grains
grow in an orientation different from (-201). This effect is in contrast
to many other oxide film systems crystallizing in the higher symmetry
cubic or hexagonal structure.24 The correlation of oxygen pressure and
crystal growth was reported by Müller et al., who observed for binary
Ga2O3 similar behavior.12
Figure 2a shows the calculated growth rates (r = d/#pulses),
bandgap energies and aluminum content from the (AlxGa1−x )2O3:SiO2
growth series and its dependence on the growth pressure. The bandgap
Figure 2. (a) Measured growth rate r, bandgap
Eg and aluminum concentration xAl in depen-
dence on the logarithmic oxygen partial pressure
p(O2). The gray shaded area indicates the p(O2)
regime where desorption is essential. (b) Opti-
cal transmittance spectra for oxygen pressures of
p1 = 0.04 mbar, p2 = 0.002 mbar, p3 = 0.001 mbar,
and p4 = 3×10−4 mbar.
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Figure 3. (a) Cation concentration of gallium, aluminum and silicon atoms
measured by EDX in dependence of the growth pressure deposited at a growth
temperature of 670◦C. The dotted lines indicate elemental concentration for
a stoichiometric transfer of the target composition being xstochGa = 0.868,
xstochAl = 0.088 and xstochSi = 0.044. (b) Dependency of the growth rate on
the growth temperature for three chosen oxygen pressures as labeled in the
picture.
energies were calculated from the optical transmittance spectra and are
shown for four different oxygen pressures in Fig. 2b. In Fig. 2a a di-
vision into two growth regimes (p(O2) ≥ 0.016 mbar and p(O2) <
0.016 mbar) is recognizable. For p(O2) ≥ 0.016 mbar similar growth
rates of 32.5 to 37 pm/pulse, bandgap energies of approximately
5.05 eV and an aluminum content ranging between 0.06 and 0.08
were observed, as well. Below an oxygen pressure of 0.016 mbar the
growth rate decreases with decreasing growth pressure up to a value
of 12 pm/pulse for 3×10−4 mbar. Simultaneously, the bandgap ener-
gies and aluminum contents increases up to values of Eg = 5.7 eV
and xAl = 0.25. The influence of the oxygen pressure on the cation
composition is illustrated in Figure 3a and show, that with decreasing
growth pressure the gallium (aluminum) content xGa (xAl) decreases
(increases) for a given growth temperature of 670◦C. The sum of all
incorporated cations is always 1 and the silicon proportion ranges be-
tween 0.03 and 0.07.
For oxygen pressures between 0.04 and 0.016 mbar a nearly sto-
chiometric transfer of the Ga, Al and Si atoms from target to layer is
observed and results in similar growth rates and bandgaps (see Fig. 2).
In the oxygen regime below 0.016 mbar, aluminum atoms are pref-
erentially incorporated, because of the higher dissociation energy of
the Al-O bond compared to the Ga-O bond.25 Further, gallium forms
volatile sub-oxides being desorbed. As a result, considerably lower
amounts of Ga are incorporated into the layers as seen in Figure 3a.
The higher aluminum content leads to the observed bandgap increase
and the desorption of gallium sub-oxides leads to lower growth rates.
Similar desorption processes were reported for molecular beam epi-
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Figure 4. Rq describes the mean square roughness and x the aluminum con-
tent. The scale next to the pictures (a) to (d) characterizes the peak-valley-
distance (dPV). The thin films are deposited at Tg = 670◦C and different
oxygen partial pressures as labeled. (e) shows the dependency of Rq and dPV
to the oxygen pressure.
taxy growth of In2O3, Ga2O3 and (InxGa1−x )2O3 thin films by Vogt and
Bierwagen.26–28 Since the desorption is a temperature dependent pro-
cess, we investigated the growth rates of samples deposited at three
different oxygen pressures (0.006, 0.001 and 3 × 10−4 mbar) and
various growth temperatures (from 400 to 670◦C). For deposition of
these sample series we used a target consisting of Ga2O3 + 8.8 at.%
Al2O3 + 0.6 at.% SnO2. The growth rates, depicted in Figure 3b, de-
creases with increasing temperature showing that the formation of
volatile suboxides is favorable at higher growth temperatures. For the
highest investigated oxygen pressure of 0.006 mbar saturation of the
growth rate with values between 24.5 to 26.2 pm/pulse is observed for
growth temperatures below 550◦C.
Using AFM on areas of 3 × 5 μm2 the surface morphology and con-
sequently the root mean square surface roughness Rq and peak-valley-
distance dPV were examined. Figure 4 displays the Rq and dPV values
obtained from the already discussed (AlxGa1−x )2O3:SiO2 growth se-
ries. The visible surface effects can be divided into two categories
for p(O2) < 0.01 mbar and p(O2) ≥ 0.01 mbar. For oxygen pres-
sures below 0.01 mbar Rq and dPV depend on the aluminum content.
With increasing xAl the surface becomes smoother and the roughness
decreases from Rq = 3.33 nm for xAl = 0.11 to Rq = 0.27 nm for
xAl = 0.25. For p(O2) ≥ 0.01 mbar the aluminum content saturates
and hence the oxygen pressure is determining the surface morphology.
The surface roughness increases from Rq = 1.72 nm for 0.04 mbar to
Rq = 4.88 nm for 0.01 mbar.
Currently, the most challenging task for the growth of ternary het-
eroepitaxial (Al,Ga)2O3 thin films is the development of a doping
strategy in order to tailor its electrical transport properties. As part
of this work various tests were executed to obtain conducting thin
films. All samples investigated were electrically insulating. Concern-
ing the doping of the thin films, we doped samples during growth
process in situ and additionally we used ion implantation to create
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Figure 5. Implantation profile of (a) Si and (b) Sn.
conducting samples, ex situ. For the implantation process a nearly ho-
mogeneous dopant concentration of approximately (1–5) ×1018 cm−3
was realized for both, Si and Sn, as visible in Fig. 5. Before and after
annealing, however, all samples remained insulating as soon as Al was
alloyed.
Conclusions
We have discussed the influence of growth conditions on the crys-
tallinity, bandgap energy, growth rate, cation composition and surface
morphology of PLD-grown (Al,Ga)2O3 thin films on c-sapphire sub-
strates. We described that the preferential incorporation of Al was in
tendency observed for low oxygen pressures and/or high growth tem-
perature, which was assigned to differences in cation oxygen bond
strength and desorption of gallium sub oxide. Decreasing growth
pressure lead to decreasing growth rates and low gallium content.
Lower growth temperatures favor the stoichiometric cation incorpo-
ration into the thin film layer. Further, many different growth con-
ditions were pointed out to produce insulating samples. It can be
concluded that it was not possible to produce conductive samples.
This issue must be solved prior to the fabrication of devices based on
(Al,Ga)2O3.
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Abstract
In this paper, the growth of orthorhombic and monoclinic (AlxGa1− x)2O3 thin films on (00.1)
Al2O3 by tin-assisted pulsed laser deposition is investigated as a function of oxygen pressure
p(O2) and substrate temperature Tg. For certain growth conditions, defined by Tg ≥ 580
◦
C and
p(O2)≤ 0.016 mbar, the orthorhombic κ-polymorph is stabilized. For Tg = 540
◦
C and
p(O2)≤ 0.016 mbar, the κ-, and the β-, as well as the spinel γ-polymorph coexist, as illustrated
by XRD 2θ-ω-scans. Further employed growth parameters result in thin films with a monoclinic
β-gallia structure. For all polymorphs, p(O2) and Tg affect the formation and desorption of
volatile suboxides, and thereby the growth rate and the cation composition. For example, low
oxygen pressures lead to low growth rates and enhanced Al incorporation. This facilitates the
structural engineering of polymorphic, ternary (Al,Ga)2O3 via selection of the relevant process
parameters. Transmission electron microscopy (TEM) studies of a κ - (Al0.13Ga0.87)2O3 thin film
reveal a more complex picture compared to that derived from x-ray diffraction measurements.
Furthermore, this study presents the possibility of controlling the phase formation, as well as the
Al-content, of thin films based on the choice of their growth conditions.
Keywords: Ga2O3, crystal growth, (Al,Ga)2O3
(Some figures may appear in colour only in the online journal)
1. Introduction
Gallium oxide is the focus of research interest, as, given its
outstanding properties, such as a wide bandgap, high elec-
trical breakdown field [1] of 8MVcm−1 and large Baliga’s
figure of merit it is considered to be suitable for a variety
Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.
of applications, including deep-UV photo detectors [2], gas
sensors [3], high power rectifiers, and transistors [4–9]. The
band gap ranges between 4.6 eV and 5.3 eV, depending on
the respective polymorph, and can be reduced or enlarged
by alloying with In2O3 or Al2O3 to expand the range of
possible applications [10]. To date, most of the published
studies have dealt with the thermodynamically stable mono-
clinic β-polymorph, but in recent years, the meta-stable
orthorhombic κ-polymorph has garnered increasing interest,
owing to its predicted large spontaneous polarization of
23µC/cm2 along its c-axis [11]. Extensive studies addressing
this polymorph will be required to potentially realize high
power and optical devices [12]. Cora et al [13] studied the
1361-6463/20/485105+9$33.00 1 © 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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crystal structure of this polymorph in detail, assigning it to
the space group Pna21, with two distinct cation sites, having
a ratio of 1:3 of tetrahedrally and octahedrally coordinated
Ga sites. In addition, they compared the orthorhombic with
the hexagonal crystal structures, identifying the orthorhombic
κ-Ga2O3 as a coordinated subgroup of the hexagonal
ε-phase [13].
Binary orthorhombic Ga2O3 can be realized by a vari-
ety of growth techniques, such as halide vapor phase epi-
taxy HVPE[14, 15], atomic layer deposition[16] (ALD), metal
organic chemical vapor deposition [13, 17–21] (MOCVD),
mist CVD [22, 23], and plasma-assisted [24] or tin-assisted
MBE [25], as well as tin-assisted pulsed laser deposition
[26, 27] (PLD). In contrast, ternary alloys containing Al
or In have so far only been realized by tin-assisted PLD
[28–31] (PLD) on c-sapphire and κ-Ga2O3 templates as
well as by mist CVD [32, 33] on c-plane AlN templates.
With regard to PLD, a certain tin supply is necessary in
addition to adequate growth conditions (growth temperat-
ure and pressure) in order to stabilize the orthorhombic
phase [27]. To date, the highest reported Al content has
been x = 0.46 for κ - (Al,Ga)2O3 on (00.1)Al2O3 [31] which
can be enhanced up to x = 0.65 by employing an addi-
tional κ-Ga2O3 thin film template [29]. Kneiß et al have
described the growth of binary κ-Ga2O3 using tin, which
is not incorporated into the thin film, but serves as a
surfactant [27, 31].
For binaryβ-Ga2O3 thin films, decreasing p(O2) or increas-
ing Tg (by PLD) or metal-rich regimes (by MBE) leads to
decreasing growth rates, caused by the formation and sub-
sequent desorption of volatile Ga2O suboxides [34–37]. For
β-(Al,Ga)2O3 thin films, the same behaviour has been
observed, but with one special feature: a change of the Al/Ga
ratio in the thin films [38–40], which is due to the favored
incorporation of Al into the layer. In contrast, for β-(In,Ga)2O3
thin films, the incorporation of Ga atoms is favored, leading to
lower In-contents in the case of growth in oxygen-poor con-
ditions [41]. Since growth parameters have such a significant
impact on the material properties of β-Ga2O3-based thin films,
a systematic study of the influence of these growth paramet-
ers for the less investigated orthorhombic phase is mandatory.
In this paper, we present a detailed structural characterization
on the nanoscale, in conjunction with a detailed description
of the phase formation of (Al,Ga)2O3 thin films on c-plane
sapphire, as well as the influence of Tg and p(O2) on this.
Moreover, we illustrate the effect of the formation of volatile
suboxides on cation incorporation, and therefore on the change
of the cation composition in the layer and the growth rate of the
thin film.
For this purpose, we deposited (Al,Ga)2O3 thin films
on c-sapphire substrates under various growth conditions.
The experiments reveal that orthorhombic (Al,Ga)2O3 can
be stabilized only under certain growth conditions. This
requires growth temperatures above 540
◦
C and oxygen pres-
sures below 0.024 mbar, except for the highest investigated
growth temperature of 670
◦
C, where p(O2) = 0.024 mbar
still leads to κ-phase thin films. For Tg = 540
◦
C and
Table 1. Growth temperature Tg, oxygen pressure p(O2), measured
Al content x by EDX, and polymorph for samples A, B and C.
label Tg (
◦
C) p(O2) (mbar) x polymorph
A 620 0.002 0.13 κ
B 540 0.001 0.11 phase separation
C 500 0.002 0.10 β
p(O2)≤ 0.016 mbar, as well as for 620
◦
C and 0.024 mbar,
the coexistence of κ-, β- and γ-polymorphs is observed.
Other growth parameters can lead to monoclinic thin films.
The crystal structure of one κ - (Al0.13Ga0.87)2O3 thin film
and one (Al0.11Ga0.89)2O3 thin film exhibiting phase separ-
ation (κ and β+ γ) are investigated in detail, using TEM
measurements.
2. Results and discussion
2.1. Crystal structure
The influence of growth parameters on the formation of
κ - (AlxGa1− x)2O3 thin films was analyzed by varying Tg
and p(O2) during PLD growth, utilizing the same ceramic
PLD target for all prepared samples. The thin films were
also examined under x-ray diffraction, revealing the crys-
tal structure to be monoclinic, orthorhombic, or a coex-
istence of both. In figure 1, representative 2θ-ω scans
(2θ = 15–65
◦
) of (AlxGa1− x)2O3 thin films are depic-
ted, revealing characteristic reflection peaks, which can be
assigned either to the β- or the κ-phase. Peaks corresponding
to both phases are present for samples exhibiting phase separa-
tion. The growth conditions, Al-content and identified phase of
these (AlxGa1− x)2O3 thin films are presented in table 1. These
samples will be referred to as samples A, B, and C below.
At the bottom of figure 1, the XRD pattern of sample C, a
polycrystalline β - (AlxGa1− x)2O3 thin film grown at 500
◦
C
and 0.002 mbar, reveals the growth along the (-201) n lat-
tice plane. This is indicated by the lattice plane reflection







growth along the (-201) lattice plane on c-plane sapphire
has already been reported several times in relation to β -
(AlxGa1− x)2O3 [39, 40, 42, 43]. Aside from the (-201)β ori-
entation, two additional orientations of the β-phase are visible
in the scan: the (-401)β at 2θ = 30.13
◦
, and the (-601)β at
2θ = 44.26
◦
. The XRD pattern of sample A (top panel of
figure 1), which was grown at 620
◦
C and 0.002 mbar, reveals







be assigned to the (002) n lattice planes of κ - (AlxGa1− x)2O3.
These reflection peaks occur at slightly higher angles com-
pared to those of the β-thin film described above, which is
typical for binary κ-Ga2O3 [27], as well as its ternary alloys
(κ - (In,Ga,Al)2O3) [28–31]. The thin film B, shown in the
middle of figure 1, was grown at 540
◦
C and 0.001 mbar.
The XRD pattern for this sample contains all previously
described peaks, indicating phase separation. In addition, a
peak shoulder appearing at 2θ = 58.02
◦
is observed for B and
2
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Figure 1. XRD patterns of an orthorhombic κ- (A), a monoclinic
β-(AlxGa1− x)2O3 thin film (C), and a thin film exhibiting a
coexistence of both (B). The growth directions of the respective
samples are labeled in red for the monoclinic, and blue for the
orthorhombic lattice planes. The shoulders highlighted by the arrow
can be assigned either to (-313)β or (333)γ lattice planes. The peak
positions were assigned according to JCPDS card nos. 76-0573,
20-0426 and 11-0342. The reflection peak visible at 41.68
◦
can be
assigned to the (00.6) Al2O3 lattice plane (JCPDS PDF card no.
82-1399).
C (marked with an arrow), which cannot be unambiguously
assigned to a lattice plane reflection. One possible explana-
tion for this is the presence of reflections at the monoclinic
(-313)β and the cubic (333)γ lattice plane, or an convolu-
tion of both. The c-plane sapphire (00.6) lattice plane reflec-
tion peak appears for all samples at 41.68
◦





can also be observed (e.g. for sample A),
emanating from the so-called Umweganregung (x-ray double
diffraction) of the substrate. Such an Umweganregung is
only observable under certain ϕ rotations, and may therefore
occur in some samples [44]. Further visible reflection peaks








In order to compare the crystalline quality of β- and κ -
(Al,Ga)2O3, the FWHMs of samples A and Bwere determined
for the (004)κ and (-402)β reflection peaks. For the (-402)β
reflection, the FWHM amounts to 0.258
◦
, and for (004)κ it is
0.120
◦
, exhibiting a lower broadening, and therefore repres-
enting a higher crystalline quality. The thin film thickness does
not play a role, since the thickness of the samples is similar
(470 nm for sample A, and 510 nm for C). The small differ-
ences in thin film thickness are caused by the different growth
temperatures and the associated desorption of volatile subox-
ides [36, 37].
Since the oxygen pressures during growth of the three
samples were nearly the same (0.001 or 0.002 mbar, respect-
ively), the difference in growth temperature is accountable for
the crystallization of the different phases seen here. Moreover,
the growth temperature influences the incorporation of Al into
the layers, which increases with increasing Tg. Note that the
Al content present in the target is approximately 8.8 at.%. In
the layers, values of 10 to 13 at.% were detected (see table 1).
A detailed description of this phenomenonmaycan be found in
the section Phase Control. In the next section we want to focus
on an atomically resolved description of the orthorhombic thin
film (sample A) and the thin film exhibiting phase separation
(sample B).
2.2. Growth
TEM investigations were performed for samples A and B and
the cross-sectional TEM bright field images are shown in fig-
ure 2(a) and (b), respectively. In both layers, two phases of dif-
ferent morphologies can be clearly distinguished: a speckle-
contrast region starting from the interface, indicating a highly
granular structure, and on top of that a phase with vertically
aligned features, indicating columnar-like domains. Selected
area electron diffraction (SAED) was performed for each of
these regions to identify the crystal structure and the growth
orientations. This measurement was performed for two zone
axis orientations of the sapphire substrate, [112̄0] and [11̄00],
for which the data are presented in figure 2(c). With regard to
electron diffraction simulations [45], the red circled region is
identified as a coexistence of the monoclinic β- and the cubic
γ-phase. The γ-Ga2O3 phase has a cation-deficient spinel
structure (Fd3̄m) described in detail by Playford et al [46],
and similar to that of γ-Al2O3. The blue circled region can
be identified as the orthorhombic κ-structure in both samples,
as shown in figure 2(c). The SAED patterns of the κ- and
β+ γ-regions of sample A look the same as those presen-
ted for sample B. The domain boundaries between the β+ γ-
part and the κ-phase extend diagonally through the layer.
This suggests that the κ-phase starts to nucleate as islands
in certain positions, probably due to Sn accumulations, then
grows at a higher growth rate than the β+ γ-phase until
the latter is overgrown. The composition in both phases is
the same, as confirmed by STEM-EDXS measurements of
the TEM sample. A STEM-EDXS spectrum can be found
in the supplemental material (stacks.iop.org/JPD/53/485105/
mmedia).
The different phases are investigated in greater detail via
Scanning TEM (STEM) imaging. Figure 3(a) shows a STEM
image, taken close to the interface in sample B, and including
the sapphire substrate and regions with β+ γ- and κ-phase.
The κ-phase is shown at higher magnification in figure 3(b),
where we see that it is growing in narrow columnar domains of
a few nanometers in width. The structure exhibits vertical lines
of defects, extending through the structure (positions indic-
ated by the white arrows), which are indicative of the vertical
domain boundaries. The atomically resolved structure of the
κ-phase is displayed in figure 3(c)II, and fits well to the atomic
3
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Figure 2. TEM bright field overview images of (AlxGa1− x)2O3 layers grown at (a) Tg = 620
◦
C and p(O2) = 0.002 mbar and (b) Tg =
540
◦
C and p(O2) = 0.001 mbar, corresponding respectively to samples A and B, shown in Fig 1. (c) Selected area electron diffraction
(SAED, inverted contrast) in two zone axis orientations of the sapphire substrate in the areas indicated by red and blue circle in (b). We note
that the streaky horizontal features in the SAED patterns of the κ-phase (blue) are probably caused by the short domain width in this
direction, which breaks the periodicity.
model superimposed on the experimental image. Ga columns
appear bright in these images, while oxygen atoms are too light
to produce a visible contrast. The domains are 60
◦
rotated in
plane with respect to each other, and the epitaxial relationships
are (001)κ||(00.1)s and [010]κ, [310]κ||[11̄00]s and [100]κ,
[110]κ||[112̄0]s.
A high magnification image of the interface region (shown
in figure 3(c) III) actually reveals the presence of a fourth
phase, namely α. It grows pseudomorphically for 3-4 mono-
layers on the sapphire substrate, with the same crystal struc-
ture. This phase is not detectable in XRD, because the layer
is buried and too thin. The formation of this α-interlayer has
already been shown to be typical for Ga2O3 layer growth on
sapphire [47].
Close to the interface, small grains (measuring only a few
nm) of β- and γ-phase are mixed randomly, while at larger
thicknesses the grains grow larger and the β-phase is domin-
ant. Figure 3(c) shows area scans for γ- and a β-phase grains
where the structures can be fitted to the stick-and-ball mod-
els. Despite these small grains, both β- and γ-phases exhibit
an epitaxial relationship with respect to the sapphire. For the
out-of-plane orientation, (-201)β ||(00.1)s and (111)γ || (00.1)s
was found. The spacings of these planes are very close to
each other in value (d((-201)β) = 4.70Å and d((111)γ) =
4.75Å), therefore the phases can hardly be distinguished in
the XRD patterns. The in-plane relationship for the γ-phase is
[11̄0]γ ||[11̄00]s. The β-grains grow in different orientations,
rotated in-plane by 60
◦
with respect to each other, according to
[010]β or [132]β ||[11̄00]s. Since this polycrystalline interlayer
is only a few 10 nm thick in sample A, it implies that these
grains are even smaller, which could explain the x-ray amorph-
ous behavior of this layer. The formation of the approxim-
ately 20–30 nm small and wavy interlayer can be explained
by the PLD approach employed here. During the first laser
pulses an insufficient amount of tin is ablated, and the required
liquid tin layer cannot form instantaneously. Only when this
tin layer has formed can the growth of the orthorhombic phase
begin.
Investigations of the surface morphology of samples A
and C show similar results to comparable samples published
previously [29, 31]. Therefore, only the surface morphology
of sample B is presented below. AFM measurements show
a surface consisting of 3D islands, which has a root mean
square surface roughnesses of 8.6 nm. Figure 4(a) shows a
5× 5µm2 surface scan, depicting 3D islands, 200–400 nm
in diameter. By considering the cross-sectional view, presen-
ted in figure 4(b), it can be established that the higher parts
of the thin films can be allocated to the orthorhombic phase.
The higher growth rates of the κ-phase, compared with those
of the β-phase, leads to an overgrowth of the β+ γ-part.
If the thin film growth were to continue, e.g. by a higher
pulse number from the PLD, it may be assumed that the
κ-phase proportion would grow further in lateral size and
finally overgrow the β+ γ-part completely. Such complete
4
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Figure 3. (a) STEM image of an area in sample B (Tg = 620
◦
C and p(O2) = 0.002 mbar) showing the substrate, the β+γ-mix phase, and
the κ-phase. (b) Higher magnification image of the blue area in (a), showing a defective κ-structure due to many vertical domain
boundaries. (c) STEM images of areas II, III and IV in (a), showing the atomically resolved pattern of the κ-, α+γ-, and β-structures,
respectively, with the atomic models superimposed (blue & green: 6-fold and 4-fold coordinated Ga respectively, red: O) For the
cation-deficient γ-phase, only those cations with the highest occupancy are shown in the model structure.
overgrowth is visible in figure 2(a) for the κ - (Al,Ga)2O3
thin film.
2.3. Phase control
In addition to the aforementioned samples, thin films
were deposited under several growth conditions (various
combinations of p(O2) and Tg) and investigated via XRD to
determine their crystal structure, by EDX to define their cation
composition, and by spectroscopic ellipsometry to examine
their growth rates. Note that the ceramic target employed here
consists of Ga2O3 doped with 8.8 at.% Al2O3. Although TEM
images show that the phase distribution is more complicated,
below, we will focus only on phases with a high volume frac-
tion, as identified by XRD.
The growth conditions, such as oxygen pressure and
substrate temperature, were selected in the ranges of 3×





Every sample was measured using XRD to determ-
ine the respective polymorph. The sample series for
p(O2)= 0.000 3mbar is depicted in figure 5, showing a change
in the crystal structure, dependent on Tg. For temperatures
from 670 to 580
◦
C, the κ-phase forms, for 540
◦
C we obtain
a mixture of the β+ γ- and κ-phases, and for 500-450
◦
C,
the β-phase forms. The XRD spectra for the remaining oxy-
gen pressures and growth temperatures can be found in the
supplemental material. The evaluation of these detected crys-
tal structures revealed defined growth conditions, among them
the κ-modification forms presented in figure 6(a). These spe-
cific growth conditions are required for the given amount of
tin in the target, due to the surfactant-mediated growth, where
a liquid tin layer forms on top of the thin film, inducing the κ-
growth below. The tin will not be incorporated into the layer,
and desorbs, or rather accumulates at the top, as demonstrated
for κ-(Al,Ga)2O3 [31].





C, the tin atoms com-
pletely oxidize, a liquid tin layer does not form, and hence the
formation of the κ-phase is suppressed. To determine the point
of transition from the β- to the κ-phase more accurately, thin




C instead of at an
oxygen pressure of 0.01 mbar at 0.016 mbar. For temperatures
below 500
◦
C, surface-mediated growth cannot be observed,
such that the monoclinic polymorph forms across the whole
examined pressure range. In a narrow growth window of
Tg = 540
◦
C and 3× 10−4 mbar≤ p(O2)≤ 0.016 mbar, as
5
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Figure 4. (a) 5× 5µm2 AFM scan and (b) TEM cross-sectional view of sample B.
Figure 5. XRD 2θ-ω scans of (AlxGa1− x)2O3 thin films deposited
at p(O2) = 0.000 3 mbar and various growth temperatures as
labeled. The growth directions of the orthorhombic κ- and
monoclinic β-samples are indicated in the graphs.
well as for 620
◦
C and 0.024 mbar, both phases coexist, as
described in the previous section. Conceivably, the creation of
the liquid tin layer is insufficient and/or small in this growth
regime. The cation composition was investigated by means of
EDX measurements, and is depicted as a function of the Al
content x in figure 6(b). As reported for β - (AlxGa1− x)2O3
thin films [40], x increases with decreasing oxygen pressure
and/or increasing growth temperature up to 2.25 times the
amount of material actually offered in the target. Inmonoclinic
thin films, volatile Ga2O suboxides form at the layer surface,
and subsequently desorb. As a result, the Ga2O species is
preferentially formed, due to the lower dissociation energy of
the Ga-O bond compared to the Al-O bond. The higher the
oxygen deficit (low p(O2)) and/or the higher Tg, the more sub-
oxides form and desorb, leading to a higher Al concentration
in the thin film. Since for the κ-polymorph grown by PLD,
surface-mediated growth was reported [27, 31], the desorption
process should be influenced by the existence of the liquid
tin layer on the thin film’s surface. The exact growth and
desorption mechanism should be the focus of future research
projects. However, the Al incorporation for the κ-, β- and the
samples exhibiting phase separation is presented in figure 6(b)
in relation to its dependence on p(O2) and Tg. Regarding
the Tg series, it is observable that the desorption process
diminishes for decreasing Tg. The growth pressure, where
a stoichiometric target-to-layer cation transfer can be mon-
itored, shifts continuously to lower p(O2). The stoichiometric
cation transfer is x = 0.088, and is marked in figure 6(b). For
Tg = 670
◦
C, this point is reached at p(O2) = 0.01 mbar,
for 580
◦





0.003 mbar, and for 450
◦
C a stoichiometric cation transfer
was observed between 3× 10−4 and 0.002 mbar. Since the





only a small change or no change in x, no additional thin films
were grown. In an oxygen rich regime, p(O2)≥ 0.016 mbar,
the cation transfer of Al is x = 0.07, because the lighter Al
ions are more widely scattered than the heavier Ga ions. For







C, indicating that the form-
ation of volatile Ga2O is suppressed [36, 37]. Nevertheless,
the surface-mediated growth reduces the desorption process
compared to the monoclinic phase. To demonstrate this, the
κ - (AlxGa1− x)2O3 thin films grown at 670
◦
C can be
compared with β - (AlxGa1− x)2O3 thin films published
before [40]. The target used for both sample series consists
of an admixture of 8.8 at.% Al2O3, and the samples are grown
at 670
◦
C and at various oxygen pressures. The monoclinic
thin films show systematically higher x for all oxygen pres-
sures. Another indication of the lower incorporation of Ga
into the layer due to desorption of volatile Ga2O is a decrease
in the growth rate r, which was determined by spectroscopic
ellipsometry and presented in figure 6(c). The graph shows a
dependency on the growth conditions. With decreasing p(O2)
and/or increasing Tg, the growth rate also decreases. The
behaviour of r is in accordance with an increased desorption
of volatile Ga2O, which is indicated by the inset of figure 6(c),
where r is plotted against x: r decreases approximately lin-
early with increasing x. The lowest r is about 19 pm/pulse
for the lowest investigated oxygen pressure (3× 10−4 mbar),
the highest temperature (670
◦
C) and the lowest Ga content
6
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Figure 6. (a) Influence of the growth conditions (p(O2) & Tg) on the formation of orthorhombic κ- and monoclinic β-(AlxGa1− x)2O3. The
different line widths of the sample exhibiting phase separation (ps) indicate the intensity of the observable β-reflection peaks: a larger width
means a more intense peak. (b) Al content x by EDX as a function of the oxygen pressure for the different polymorphs and growth
temperatures, as labeled. The dotted line denotes the cation ratio from the target. (c) Growth rate r vs dependence on p(O2). The inset shows
the dependence on the Al-content.
(1-x = 0.8). For the highest investigated oxygen pressures
(0.016mbar and 0.024mbar), the growth rates seem to saturate
for all investigated Tg between 45 - 46.5 pm/pulse. Interest-
ingly, this is the growth region where fewer Al atoms are
present, as they were incorporated into the thin film, sug-
gesting that deposition kinematics, such as scattering, play a
minor role compared to the forming and desorption of volatile
suboxides.
3. Conclusion
In this work, (Al,Ga)2O3 thin films were deposited under
various growth conditions, leading to the crystallization of
orthorhombic or monoclinic polymorphs, or a coexistence
of both, in addition to cubic defect spinel phases. This
allows for the dedicated preparation of a desired crystal struc-
ture by means of selecting the relevant growth paramet-
ers. The orthorhombic structure forms under higher growth
temperatures, and the monoclinic structure at high oxygen
pressures and/or low growth temperatures. A coexistence
of these phases and the γ-phase can only be observed
for p(O2)≤ 0.016 mbar and Tg = 540
◦
C, as well as for
0.024 mbar and 620
◦
C. Furthermore, we have shown that
under low p(O2) and/or high Tg, volatile suboxides form
and desorb, which leads systematically to increasing Al con-
tents and decreasing growth rates. Here, surfactant-mediated
growth is suggested to be the growth mechanism for κ-
(Al,Ga)2O3. Volatile suboxides are formed independent of
the polymorph; it seems that the liquid tin layer reduces this
process to some extent, as indicated by the cation compos-
ition evolution. For a sample grown at Tg = 620
◦
C and
p(O2) = 0.002 mbar, TEM results reveal that a 3-4 mono-
layer thickα - (AlxGa1− x)2O3 layer grew first on the substrate,
with a thin polycrystalline β+ γ - (AlxGa1− x)2O3 layer and
the κ - (AlxGa1− x)2O3 thin film on top. Neither α - nor β+ γ -
layers were observed by x-ray diffraction measurements for
this sample. Furthermore, TEM and AFM measurements of
a sample grown in a phase mixture have been demonstrated.
The side-by-side growth of the κ - and β+ γ - phase could be
caused by an insufficient and/or a small liquid tin layer on top
of the sample.
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4. Experimental
The (AlxGa1− x)2O3 thin films presented here were grown by
PLD on 10× 10 mm2 sized c-sapphire substrates at various





well as at oxygen partial pressures between 3× 10−4 mbar
and 0.024 mbar. The given growth temperatures were estim-
ated from the heater block temperatures, measured by a ther-
mocouple, minus a constant temperature drop of 50 K due
to the radiative heating of the substrate without direct con-
tact to the heater block [48]. All samples were grown using
the same target, consisting of Ga2O3 (purity 99.999%, Alfa
Aeser) with an Al2O3 admixture of 8.8 at.% (purity 99.997%,
Alfa Aeser) and a SnO2 (99.9% purity, Alfa Aesar) admix-
ture of 0.6 at.% to induce the growth of the κ-modification
[25, 27]. The KrF excimer laser beam (248 nm) has an energy
density of 2.6 Jcm−2 on the target surface, and the target-to-
substrate distance is 10 cm. The total applied pulse number for
every thin film sample was 15 300. The first 300 pulses, with
a pulse frequency of 1 Hz, were used to create a nucleation
layer. The repetition rate for the subsequent 15 000 pulses
was 10 Hz. The chemical cation composition was studied
by energy-dispersive x-ray spectroscopy (EDX), using a FEI
Nova Nanolab 200, equipped with an Ametek EDAX detector.
X-ray diffraction (XRD) measurements were acquired using a
PANalytical X’pert PRO MRD diffractometer, equipped with
a PIXcel3D detector, and operating in 1D scanning line mode
with 255 channels. Transmission electron microscopy (TEM)
measurements were performed with an aberration corrected
FEI Titan 80-300 electron microscope, operating at 300 kV.
The TEM samples were prepared in cross-section view along
the < 11̄00> and < 112̄0> zone-axis directions of the sap-
phire substrate. The thin film thickness (d) was determined
by spectroscopic ellipsometry, employing a dual rotating com-
pensator ellipsometer (RC2, J.A.WoollamM2000) with a spot
size of about 300× 500µm2. Subsequently, the growth rate r
was calculated by dividing d by the number of pulses during
deposition (r= d/15300).
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Figure 1: (a & b) STEM images of sample B (coexistence of the κ- and β + γ-
phases). (c) STEM-EDXS measurement of the regions marked in (a) and (b). The
calculated peak ratios Ga,L to Al,K for the κ- and β + γ amounts 5.80 and 5.66
respectively, which is not a significant difference and proves the Al/Ga composition
is preserved throughout the phase change.
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Figure 2: XRD 2θ-ω scans of (AlxGa1−x)2O3 thin films deposited at oxygen pres-
sures between 0.024 and 0.001 mbar and growth temperatures ranging between
450 and 670◦. The respective parameters are provided in the graph. The growth
directions of the orthorhombic κ- or monoclinic β-samples are indicated in the
graphs. The shoulders highlighted by the asterix can be assigned either to (-313)β
or (333)γ lattice planes. The substrates (00.6) Al2O3 reflection peak can be ob-
served at 41.68◦. At 20.4◦ and 29.0◦ Umweganregung (X-ray double diffraction)
of the substrate are visible. Additional reflections are due to the Kβ (35.2
◦, 53.9◦)
or the tungsten Lα (37.4
◦) spectral lines.
2
4.2. Physical Properties of κ-(Al,Ga)2O3, κ-(In,Ga)2O3 and α-(Al,Ga)2O3 thin films
4.2 Physical Properties of κ-(Al,Ga)2O3, κ-(In,Ga)2O3
and α-(Al,Ga)2O3 thin films
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ABSTRACT
A ternary, orthorhombic κ-(AlxGa1−x)2O3 thin film was synthesized by combinatorial pulsed laser deposition on a 2 in. in diameter c-sapphire
substrate with a composition gradient. Structural, morphological, and optical properties were studied as a function of the alloy composition.
The thin film crystallized in the orthorhombic polymorph for Al contents of 0.07 ≤ x ≤ 0.46, enabling bandgap engineering from 5.03 eV
to 5.85 eV. The direct optical bandgap and the c-lattice constant, as well, show a linear dependence on the cation composition. XRD mea-
surements, especially 2θ-ω- and ϕ-scans, revealed the growth of κ-(AlxGa1−x)2O3 in [001]-direction and in three rotational domains. The
surface morphology was investigated by atomic force microscopy and reveals root mean square surface roughnesses below 1 nm. Further-
more, the dielectric function (DF) and the refractive index, determined by spectroscopic ellipsometry, were investigated in dependence on the
Al content. Certain features of the DF show a blue shift with increasing Al concentration.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5141041., s
I. INTRODUCTION
Monoclinic β-Ga2O3 can potentially be used in high-power
electronics,1–4 as solar-blind photo detectors,5 gas sensors,6 or thin
film transistors,7 because of its beneficial material properties such
as a large Baliga’s figure of merit, a large breakdown field8 of 8 MV
cm−1, and a high bandgap energy of 4.6–5 eV.3
Another interesting polymorph of the wide bandgap material
is its orthorhombic modification, denoted as κ-Ga2O3 and being
isostructural to κ-Al2O3, making the growth of κ-(Al,Ga)2O3 for
any cation composition seem possible. Ternary alloying enables the
fabrication of thin films with tailored bandgaps2–4 in a wide range,
which leads to an extended application field. Up to now, just a few
publications deal with the solubility limit of Al in κ-Ga2O3 or Ga
in κ-Al2O3 as well as the dependence of chemical, structural, and
optical properties on the cation composition. First investigations of
orthorhombic (AlxGa1−x)2O3 thin films grown on an AlN buffer
layer on (00.1)Al2O3 for defined x were published by Tahara et al.9
They report single phase thin films up to x = 0.395 with a direct opti-
cal bandgap of 5.9 eV. Storm et al. presented pulsed laser deposition
(PLD) grown thin films on (00.1)Al2O3 with a maximum Al content
of x = 0.38, which was increased by growth on a κ-Ga2O3 template
up to x = 0.65.10
Binary κ-Ga2O3 can be fabricated by halide vapor phase epi-
taxy11 (HVPE), atomic layer deposition12 (ALD), metal-organic
chemical vapor deposition13–18 (MOCVD), plasma-assisted,19 and
tin-assisted20 molecular beam epitaxy (MBE), as well as tin-assisted
pulsed-laser deposition21,22 (PLD). Alloys with In or Al were realized
by mist CVD9,23 and PLD10,24,25 on c-plane sapphire substrates. The
predicted large spontaneous polarization P of 23 μC/cm2 along its c-
axis26 turns the orthorhombic structure, e.g., as κ-(AlxGa1−x)2O3/κ-
Ga2O3 heterostructure, to a promising alternative for the fabrication
of high power devices. At the interface of heterostructures, P will
change abruptly, resulting in an accumulation of free charge carriers.
APL Mater. 8, 021103 (2020); doi: 10.1063/1.5141041 8, 021103-1
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In the present study, a κ-(AlxGa1−x)2O3 thin film with a lat-
eral variation of the alloy composition was grown by PLD using the
continuous composition spread approach (CCS-PLD) described by
von Wenckstern et al.27 Tin was offered during growth to induce
the orthorhombic phase as shown for binary κ-Ga2O3 by Kracht
et al.20 (MBE) and Kneiß et al.22 (PLD). The highest achieved Al
content in the present work amounts to x = 0.46. The chemical,
structural, and optical material properties, namely crystal structure,
surface morphology, optical bandgap energy, dielectric function,
and refractive index will be discussed in dependence on the cation
composition.
II. EXPERIMENTAL DETAILS
The ternary (AlxGa1−x)2O3 thin film was grown by CCS-PLD
using a two-fold segmented ceramic target. One segment consists of
Ga2O3 (purity 99.999%, Alfa Aeser), and the other of Al2O3 (purity
99.997%, Alfa Aeser). Both have been admixed with 1.5 at. % SnO2
to facilitate the growth in the orthorhombic structure. The oxygen
partial pressure in the PLD chamber was 0.006 mbar and the growth
temperature 640 ○C. The KrF excimer laser radiation (248 nm) had
an energy density of 2.6 J cm−2 on the target, which is located
10 cm away from the 2 in. in diameter (00.1)Al2O3 substrate. The
pulse repetition frequency was 1 Hz for the first 300 pulses to cre-
ate a nucleation layer and 10 Hz for the subsequent main layer, for
which 30.000 pulses were applied. The chemical cation composition
of the whole wafer was determined by energy-dispersive X-ray spec-
troscopy (EDX) performed with a FEI Nova Nanolab 200 equipped
with an Ametek EDAX detector on 49 positions on the 2 in. wafer.
Along the gradient, the cation concentration was additionally mea-
sured with higher spatial resolution by EDX as well as X-ray photo-
electron spectroscopy (XPS). The XPS measurements were done at
the Humboldt-Universität zu Berlin utilizing a JEOL JPS-9030 setup
using non-monochromated Al Kα radiation for the excitation. The
binding energy scale was referenced to C1s at 248.8 eV. The survey
in Fig. 2 was recorded at the ENERGIZE endstation at Bessy II, using
the Mg anode of a DAR400 X-ray source from ScientaOmicron for
the excitation and a DA30 analyzer from ScientaOmicron for detec-
tion of the emitted photoelectrons. Here, the O1s peak was set to
531 eV, as the C1s peak was overlapped by Ga Auger peaks. Crystal
structure screening was done with X-ray diffraction (XRD) mea-
surements utilizing a PANalytical X’pert PRO MRD diffractometer
equipped with a PIXcel3D detector operating in 1D scanning line
mode with 255 channels. The c-lattice constant for each detected
XRD spectra was determined by fitting the (002), (004), (006), (008),
and (0010) reflection peak positions with a pseudo-Voigt function,
and subsequently, the lattice plane distances were extrapolated to a
diffraction angle of θ = 90○ using the formula c = f (0.5[tan(θ)−1
+ cos(θ)tan(θ)−1]) to minimize the goniometer error.28 The direct
optical bandgaps (Eg) were deduced from transmission measure-
ments utilizing a PerkinElmer Lambda 19 spectrometer equipped
with a deuterium lamp for the UV-region and a tungsten-halogen
lamp for the visible and near-infrared region. From the transmis-
sion spectra (T), the absorption coefficient α was calculated via
α = (−ln(T)/d)2 with d being the film thickness. By extrapolation,
the linear part of (αhν)2 to zero, Eg was estimated. Spectroscopic
ellipsometry was employed to determine also Eg, d, the dielectric
functions and refractive indexes utilizing a J.A. Woollam M2000
dual rotating compensator ellipsometer RC2 with a spot size of about
300 × 500 μm2.
III. RESULTS AND DISCUSSION
A. Structural properties
With the implemented CCS technique for thin film prepara-
tion, the cation concentration varies across the wafer. The resulting
composition and the exact direction of the cation gradient was iden-
tified by EDX measurements on positions marked in Fig. 1(a) as
black dots to determine the Al incorporation x, locally. In the figure,
the compositions between the measurement points were interpo-
lated, indicating the direction of the cation gradient. Additionally,
along the gradient EDX and XPS mesurements were employed every
mm (EDX) or every second mm (XPS). The Al content ranges from
x = 0.07 to x = 0.79. These in principle identical results are presented
in Fig. 1(b). In accordance with the surfactant-mediated growth
model described by Kneiß et al.,22 tin is not detected in the bulk
(measured by EDX), but with the surface sensitive technique (XPS),
tin-related peaks can be observed and are attributed to the Sn surfac-
tant layer. The survey spectrum in Fig. 2 shows these tin peaks as well
as peaks assigned to gallium, oxygen, and aluminum, as expected for
(AlxGa1−x)2O3.
The crystal structure was investigated in dependence on the
Al content by 55 single XRD 2θ-ω scans recorded along the direc-
tion of the composition gradient. All measurements are presented
as a false color map in Fig. 3(a). Three single XRD patterns for
selected x values are depicted in Fig. 3(b). Over the whole composi-
tion range, reflection peaks of the c-sapphire substrate are visible at
2θ = 41.58○ and 90.64○. For x > 0.46, no additional reflections can be
observed, which indicates the amorphous growth of (AlxGa1−x)2O3
in this composition range. For x ≤ 0.46, reflection peaks assigned to
the (002) n-lattice planes of the orthorhombic crystal structure are
visible.
The 2θ angles of these reflections shift with increasing Al con-
tent to higher values, due to the smaller ionic radius of Al com-
pared to that of Ga. In accordance to this, the c-lattice constant,
presented in Fig. 4(a), decreases with increasing x and shows two
slightly different linear dependencies described by
FIG. 1. (a) Al content x at 49 points across the thin film surface, marked in the
graph as black dots and determined by EDX. The data between the measurement
points was interpolated, the black arrow represents the direction of the gradient.
(b) Cation ratio x acquired along the in (a) indicated gradient by EDX and XPS,
respectively.
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FIG. 2. XPS survey spectrum for (AlxGa1−x )2O3.
c(x)(Å) =
⎧⎪⎪⎨⎪⎪⎩
(9.271 ± 0.001) − (0.333 ± 0.008) ⋅ x, for 0.07 ≤ x ≤ 0.13
(9.276 ± 0.001) − (0.357 ± 0.002) ⋅ x, for 0.14 ≤ x ≤ 0.46.
(1)
For higher Al-contents (x > 0.46) the c-lattice constant
saturates, indicating the solubility limit of κ-(AlxGa1−x)2O3.
Further, to investigate the crystalline quality of the thin film, the
full width half maximum (FWHM) of the (004)-lattice plane reflec-
tion peaks is plotted in Fig. 4(a) in dependence on x exhibiting
an increase from 0.07○ for x = 0.07 to 0.15○ for x = 0.46, indi-
cating a high crystalline quality over the whole composition range.
Comparisons with binary κ-Ga2O3 thin films grown by PLD on c-
sapphire reveal similarly FWHM’s of the (004) reflections below
0.06○ for various growth temperatures and pressures.22 XRD ϕ-
scans of the skew-symmetric (131) and asymmetric (206) reflec-
tions, exemplarily shown in Fig. 4(b) for an Al concentration of
x = 0.13, indicate the epitaxial growth on c-plane sapphire as well
as the appearance of three rotational domains of the orthorhombic
unit cell separated by 120○,29 which were also present for κ-Ga2O322
FIG. 3. (a) False color map of 2θ-ω scans of orthorhombic κ-(AlxGa1−x )2O3 recorded along the composition gradient indicated in Fig. 1(a). (b) XRD patterns for x = 0.13,
x = 0.39, and x = 0.69. Peak positions of the (002) n lattice planes as well as the substrate (subs.) reflection are labeled.
FIG. 4. (a) c lattice constant, estimated
from the (002) n (n = 1–5) reflection
peaks, as well as FWHM of the (004)-
lattice plane reflection peak from XRD
patterns determined in dependence on x.
(b) XRD ϕ-scans of the (131), (122) and
(206) reflections as well as the substrate
(102) reflection performed for x = 0.13.
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FIG. 5. 2 × 3 μm2 AFM scans of surface morphologies of κ-(AlxGa1−x )2O3 for
different Al contents x as labeled recorded by AFM. Rq denotes the root mean
square surface roughness.
and κ-(InxGa1−x)2O324 thin films grown by PLD. The in-plane epi-
taxial relationships can be described by κ-(AlxGa1−x)2O3 ⟨010⟩ ∥
α-Al2O3 ⟨101̄0⟩ and κ-(AlxGa1−x)2O3 ⟨100⟩ ∥ α-Al2O3 ⟨21̄1̄0⟩. Fur-
thermore, the twelve-fold (122) reflection, originating from an addi-
tional two-fold splitting on mirror planes, proofs the orthorhombic
structure of the thin film.
B. Surface morphology
The surface morphology was recorded along the cation gradi-
ent by atomic force microscopy. Exemplary images for four different
Al-contents (x = 0.09, 0.16, 0.21, and 0.38) are shown in Fig. 5 and
exhibit smooth surfaces consisting of spherically shaped grains with
diameters of approximately 100 nm. Based on the recorded images,
root mean square surface roughnesses (Rq) and corresponding peak-
valley-distances (dPV, described by the scale next to the recorded
images) were determined. For x ≤ 0.21, Rq and dPV decrease with
increasing x and stay roughly constant for x > 0.21.
C. Optical properties
The determination of the direct optical bandgap Eg in depen-
dence on x was performed by two different measurement methods.
Along the composition gradient, transmission spectroscopy and
spectroscopic ellipsometry measurements were conducted. The first
one was performed in 5 mm steps starting after 4 mm (equals 6 posi-
tions) and the second one in 1 mm steps (equals 32 positions) only
on the κ-phase part of the thin film. Figure 6(a) presents transmis-
sion spectra as well as the calculated absorption spectra for different
Al contents. The bandgap energies Eg,T were obtained by extrapo-
lating the linear part of the absorption spectra expressed as (αhν)2
to the zero line. The resulted direct optical bandgaps show a shift to
higher energies with increasing x, which is also visible in Fig. 6(b).
Linear fitting of Eg,T yields
Eg,T(x)(eV) = (4.92 ± 0.06) + (2.17 ± 0.08) ⋅ x. (2)
For comparison, the bandgap variation was determined via spectro-
scopic ellipsometry and is displayed in Fig. 6(b), too. The deduced
change of the bandgap energy is almost linear and resulted in the
fitting equation,
Eg,E(x)(eV) = (4.85 ± 0.01) + (2.14 ± 0.03) ⋅ x. (3)
The resulting maximum bandgap energy is 5.85 eV for x = 0.46. In
a previous publication of Schmidt-Grund et al.,30 optical properties
of an (AlxGa1−x)2O3 thin film with the CCS-PLD technique on a
2 in. (001)-oriented MgO substrate was discussed. For x < 0.4, they
observed the monoclinic β-modification and estimated the direct
optical bandgap for this phase from spectroscopic ellipsometry to
Eg−dir(x)(eV) = 4.811 + 2.138 ⋅ x. This is in accordance to the pre-
sented Eg,E in our study, indicating a similar bandgap dependence of
monoclinic and orthorhombic (AlxGa1−x)2O3. The film thicknesses
deduced from the spectroscopic ellipsometry data were divided by
the applied pulse number to obtain the composition dependent
growth rate r(x) that is displayed in Fig. 6(b), too. It exhibits a max-
imum of 15.7 pm/pulse for x = 0.07 and decreases to 12.0 pm/pulse
for x = 0.46.
Further, the dielectric function (DF) was obtained by using a
layer stack model consisting of a c-plane sapphire substrate layer,
where the DF was taken from literature,31 a layer describing the thin
film and a surface layer. Due to the presence of rotational domains,
the film is effectively optical uniaxial, i.e., the tensor of the film DF
is given by ε = εxx = εyy ≠ ε∥ = εzz and εij = 0 for i ≠ j. The line
shape of each tensor component was described by model dielectric
functions. Due to the absence of sharp features in the experimental
spectra, it was sufficient to describe the onset of the absorption in
FIG. 6. (a) Transmission spectra for
increasing Al contents as labeled. The
inset shows corresponding absorption
spectra expressed as (αhν)2. (b) Direct
optical bandgap and growth rate r as
a function of x. The values are deter-
mined by transmission spectroscopy
[Eg,T, shown in (a)] by and spectroscopic
ellipsometry (Eg,E), respectively.
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FIG. 7. Real (a) and imaginary part [(b)
and (c)] of the dielectric function for dif-
ferent Al concentration as labeled.
FIG. 8. (a) Refractive index n depend-
ing on the photon energy for various x
as labeled. (b) Cauchy parameters A, B,
and C in dependence of x.
the observed spectral range by band-to-band transitions (χCPM0 ) as
proposed by Adachi.32 The contributions of the energetic transitions
to the imaginary part of the DF is described by Gaussian oscillators
(χgauss), whereas the contributions of these transitions to the real part
of the DF was described by means of a pole function (χpole) due to
the Kramers-Kronig transformation. Thus, the entire DF for each
component is given by









with i = , ∥. Finally, the dielectric function of the surface layer was
described by an effective medium approach,33 where the dielectric
function of the underlaying (Al,Ga)2O3 film and void was mixed 1:1.
The DF for various x is presented in Fig. 7 and shows that incor-
poration of Al leads to a blue shift of the transition energies and thus
to a blue shift of the entire dielectric function. This is accompanied
by a decrease of the real part of the DF in the visible spectral range
and thus of the refractive index displayed in Fig. 8(a). A compari-
son of the tensor components yields that the absorption sets in at
lower energies for light polarized parallel to the surface normal than
for light polarized perpendicular to the surface normal. Additionally,
the Cauchy function n = A + B/λ2 + C/λ4 describes the dispersion of
the refractive index up to 4.5 eV. Figure 8(b) presents the Cauchy
parameters A, B, and C as a function of x.
IV. CONCLUSION
In this study, an orthorhombic (AlxGa1−x)2O3 thin film with
a lateral varying cation composition gradient (0.07 ≤ x ≤ 0.46) was
examined for a variety of structural and optical material properties in
dependence on x. For the highest Al incorporation of x = 0.46 in the
crystalline phase, the optical bandgap at RT is 5.85 eV, which is up
to now the highest reported Al content and Eg for κ-(AlxGa1−x)2O3
thin films grown on c-plane sapphire. Chemical investigations con-
firmed a tin enrichment on the layer surface, not in the bulk, indi-
cating a surfactant-mediated growth of the thin film. Heteroepitaxial
growth in three rotational domains was presented and compared to
heteroepitaxial grown monoclinic thin films, the sample shown here
has higher crystalline quality, higher growth rates, and lower surface
roughnesses. The c-lattice constant exhibits a linear increase with
increasing x following Vegard’s law. Furthermore, dielectric func-
tions and refractive indexes were investigated in a wide composition
range. Based on our findings, κ-(AlxGa1−x)2O3 seems to be well
suited for possible usage, e.g., in high electron mobility transistors,
as wave-length selective UV - or quantum-well infrared photode-
tectors and more. Future investigations should target the suppres-
sion of rotational domains as well as doping to achieve electrically
conductive samples.
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ABSTRACT
Material properties of orthorhombic κ-phase (InxGa1−x)2O3 thin films grown on a c-plane sapphire substrate by pulsed-laser
deposition are reported for an indium content up to x ∼ 0.35. This extended range of miscibility enables band gap engineering
between 4.3 and 4.9 eV. The c-lattice constant as well as the bandgap depends linearly on the In content. For x > 0.35, a phase
change to the hexagonal InGaO3(II) and the cubic bixbyite structure occurred. The dielectric function and the refractive index
were determined by spectroscopic ellipsometry as a function of the alloy composition. We propose zirconium to induce n-type
conductivity and have achieved electrically conducting thin films with a room temperature conductivity of up to 0.1 S/cm for
samples with a low In content of about x = 0.01. Temperature-dependent Hall-effect measurements yielded a thermal activation
energy of the free electron density of 190 meV. Schottky barrier diodes with rectification ratios up to 106 were investigated by
quasi-static capacitance voltage and temperature-dependent current voltage measurements.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5054394
Wide band gap semiconducting oxides such as ZnO
and SnO2 or the group-III sesquioxides In2O3 and Ga2O3
find potential application as photo detectors,1 gas sen-
sors,2 thin film transistors3 and in high-power electronics.4–7
Research on Ga2O3 and its alloys has increased tremen-
dously after the demonstration of a metal-semiconductor
field-effect transistor using a Ga2O3 layer grown homoepi-
taxially by molecular beam epitaxy.8 Ga2O3 single crystals are
available for the thermodynamically most stable polymorph
(beta-gallia structure) having a monoclinic lattice symme-
try, and hence, the majority of Ga2O3-related publications
deal with β-Ga2O3. Rhombohedral α-Ga2O3 is of interest
and investigated as well since it has the same lattice struc-
ture as thermodynamically stable α-Al2O3 and metastable
α-In2O3 and would allow band gap engineering in a wide com-
position range. Recent reviews summarize material proper-
ties and devices based on monoclinic and/or rhombohedral
(In,Ga,Al)2O3.5–7,9 Maccioni and Fiorentini predicted a large
polarization of 23 µC/cm2 for orthorhombic Ga2O3 which is
similar to that of BaTiO3 and about three times larger than
that of AlN.10 In 2018, Cho and Mishra11 predicted an identical
polarization for this modification and Kim et al.12 calculated a
value of 26.39 µC/cm2. The crystal structure of orthorhom-
bic Ga2O3 was described in detail by Cora et al., and a much
smaller polarization of 0.2 µC/cm2 was deduced from the
atomic coordinates13 being in close agreement with the value
of 0.18 µC/cm2 obtained from dynamic hysteresis measure-
ments.14 The difference between the predicted and the exper-
imentally determined values needs to be resolved to judge the
true potential of orthorhombic Ga2O3 for high electron mobil-
ity transistors for which band gap engineering is required as
well. Binary thin films were obtained by halide vapor phase
epitaxy,15 metal-organic chemical vapor deposition,13,14,16–18
atomic layer deposition,17 and tin-assisted growth by pulsed-
laser deposition (PLD)19 or molecular beam epitaxy.20 In the
latter samples, tin does not contribute free electrons at room
temperature (RT).19 So far, successful n-type doping was not
reported. In nominally undoped samples, electrical conduc-
tivity was observed for T > 400 K with a thermal activation
energy of 695 meV.21 Furthermore, such samples were used
to fabricate a photo conductive UV-detector. Ternary layers
were obtained on a c-plane sapphire substrate [with an AlN
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buffer layer for (Al,Ga)2O3] by mist chemical vapor deposi-
tion.22,23 For (InxGa1−x)2O3, phase separation was reported for
x > 0.2 (cubic phase formed).23 The optical bandgap decreased
from 5 eV for x = 0 to 4.5 eV for x = 0.2. The indium incorpora-
tion leads to an increase in the c-lattice constant that can be
described by c(x) = (0.9274 + 0.1075 · x) nm.
We have achieved n-conducting κ-phase
(In0.01Ga0.99)2O3:Zr thin films with a free electron concentra-
tion of n = 2 × 1016 cm−3 at RT. The conductivity of such
samples was sufficient to achieve Schottky barrier diodes
with rectification ratios up to 106. Further, we stabilized
(InxGa1−x)2O3 thin films in the κ-phase polymorph up to
x∼0.35 and report structural, morphological, and optical
properties as a function of the alloy composition.
(InxGa1−x)2O3 thin films were grown by pulsed-laser
deposition (PLD) at a temperature of 940 K and an oxygen par-
tial pressure of 3 × 10−4 mbar. The c-sapphire substrates were
either 2 inch in diameter or 10 × 10 mm2 sized quadratic pieces.
For investigations of material properties in dependence on the
indium content, we used a thin film with laterally continuous
composition spread (CCS) that was deposited from a ceramic
target consisting of two semi-circular segments. One segment
consists of Ga2O3 (purity 99.999%, Alfa Aeser) and the other
of In2O3 (purity 99.994%, Alfa Aeser). Both segments have
an admixture of 2.5 wt. % SnO2 (purity 99.999%, Alfa Aeser),
which equals approximately 1.6 at. % in Ga2O3 and 2.3 at. % in
In2O3, to induce the growth of κ-phase thin films as described
by Orita et al.19 and by Kracht et al.20 Details about our CCS-
PLD approach can be found in Ref. 24. To enhance the n-type
conductivity of κ-(In0.01Ga0.99)2O3, zirconium was used as a
doping element, resulting in a concentration of approximately
1.3 at. % in the thin film.
The PLD setup consists of a KrF excimer laser (248 nm)
focused to an energy density of 2 J cm−2 at the target. The
distance between the target and the substrate was 10 cm.
The composition of the thin films was determined by energy-
dispersive X-ray spectroscopy (EDX) using a FEI Nova Nanolab
200 equipped with an Ametek EDAX detector. X-ray diffrac-
tion (XRD) measurements were performed with a PANalyti-
cal X’pert PRO MRD diffractometer equipped with a PIXcel3D
detector operating in a 1D scanning line mode with 255 chan-
nels. The surface morphology was determined with a Park
Systems XE-150 atomic force microscope in a non-contact
mode. The optical properties were investigated by spectro-
scopic ellipsometry using a J. A. Woollam dual rotating com-
pensator ellipsometer RC2. Electrical properties were inves-
tigated by using current-voltage measurements of ohmic and
Schottky barrier contacts, which were realized using recipes
optimized for monoclinic Ga2O3. The ohmic contacts consist
of a thermally evaporated layer stack of Ti/Al/Au and were
annealed subsequently at 773 K for 10 min in nitrogen ambi-
ent.25 For the Schottky barrier contacts, Pt was reactively
sputtered26 in a peripheral position (off-axis configuration),27
and finally, a Pt layer was sputtered in an inert Ar ambient to
assure current spreading.26,27
Temperature-dependent resistivity and Hall-effect mea-
surements were performed for T ≤ 350 K inside a Quantum
Design physical property measurement system (PPMS) at a
magnetic field of 1 T using a Keithley current source, switch
system, and multimeter. Temperature-dependent resistivity
and Hall-effect measurements for T ≥ 350 K were performed
inside a home-built high temperature thermostat at a mag-
netic field of 0.43 T using a Keithley current source, switch
system, and multimeter and a Lakeshore 331 temperature
controller.
Current-voltage (IV) measurements and quasi-static
capacitance-voltage (CV) measurements on Schottky-contacts
(SCs) were performed in a Süss Waferprober System P200
connected to an Agilent 4155C Semiconductor Parameter Ana-
lyzer. For temperature-dependent measurement between 100
and 320 K, a piece of one of the samples was mounted on a
TO18 socket and a diode was contacted using gold wire and
silver epoxy resin. The measurement was performed inside a
cryostat using again the Agilent 4155C Semiconductor Param-
eter Analyzer. For the temperature-dependent measurement
between 300 and 700 K, the same piece was removed from
the socket and put inside a Linkam HFS600E-PB4 Probe Stage.
FIG. 1. (a) False color representation of the In content x of a (InxGa1−x )2O3
thin film grown on a 2 inch diameter c-plane sapphire substrate. The black dots
indicate measurement spots, data in between was interpolated. (b) shows the
EDX-linescan along the compositional gradient as indicated by the black line in
(a).
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Inside the stage, the diode was contacted with tungsten probe
needles. An Agilent 4156C Semiconductor Parameter Analyzer
was used for this measurement. The temperature was calcu-
lated from a reference measurement of a Pt100 resistor inside
the probe stage.
The lateral variation of the cation composition of the
CCS-PLD thin film was determined by EDX measurements
and is depicted in Fig. 1(a). It exhibits a non-linear increase in
the indium content x along the gradient direction as visible
in Fig. 1(b). The strong increase in the gradient, observed for
positions z > 15 mm, is connected to phase separation as con-
cluded from 55 2θ-ω measurements recorded with a step size
of 1 mm along the gradient direction. The results are repre-
sented as a false color map in Fig. 2(a). For x = 0.1, a single XRD
2θ-ω scan is shown in Fig. 2(c). Around x ∼ 0.35 (corresponding
to the position z = 15 mm) and x ∼ 0.5, changes of the pre-
dominant crystallographic phase are evident. In the region of
0.35 < x < 0.5, the hexagonal InGaO3(II) phase appears, and for
higher In concentrations (x > 0.5), the cubic bixbyite struc-
ture is found. For x ≤ 0.35, a series of narrow peaks, shift-
ing to lower angles with increasing In content, are observed.
The peak positions occur for each In content systematically at
higher angles compared to those of monoclinic (InxGa1−x)2O3
thin films28–30 indicating growth in the orthorhombic modifi-
cation. To clarify this assumption, XRD φ-scans were recorded
for five selected In contents for asymmetric reflections cor-
responding to the (131), (122), and (206) lattice planes of the
κ-phase shown in Fig. 2(b) for x = 0.01. The 2θ and χ posi-
tions of these reflections were assumed to be the same
as for binary κ-Ga2O3 based on the unit cell by Cora et
al.13 due to a lack of data on composition-dependent lattice
constants for the alloy. Both the (131) and (206) reflections
occur six-fold with a separation of 60◦ indicating epitaxial
growth on the c-sapphire substrate. Assuming an orthorhom-
bic unit cell, this six-fold symmetry suggests three rotational
domains separated by 120◦.31 The orthorhombic symmetry
of the unit cell was confirmed by the twelve-fold occurring
(122) reflection, where an additional two-fold splitting of the
peaks is due to mirror planes in the orthorhombic structure.
Furthermore, according to calculations using the VESTA
software package,32 there should be no reflection observ-
able for this specific set of angles in the hexagonal equivalent
of this phase, typically referred to as ε-Ga2O333 instead of
κ-Ga2O3. These results unambiguously substantiate the
growth in orthorhombic modification for x ≤ 0.35.
The epitaxial relationship deduced from the positions
of the film reflections in the XRD φ-scans with respect to
those of the α-Al2O3 (10.2) plane are κ-(InxGa1−x)2O3 〈010〉‖α-
Al2O3 〈101̄0〉 and κ-(InxGa1−x)2O3 〈100〉‖α-Al2O3 〈21̄1̄0〉. With
that, the peaks in Fig. 2(a) for x ≤ 0.35 can be assigned to the
(00n) reflections of orthorhombic (InxGa1−x)2O3. Hence, we
extended the composition range for which κ-phase thin films
were reported; samples grown by mist-CVD showed phase
separation for x > 0.2.23
The dependence of the c-lattice constant on the indium
content is shown in Fig. 4. It increases linearly with x and
can be modeled in close agreement with the data of Nishinaka
et al.23 by c = [(9.269 ± 0.004) + (1.097 ± 0.01) · x ] Å. For a
lower indium content, a non-linearity in c(x) is observed that
we attribute to slightly different sample alignment between
the chemical and the structural analysis.
The growth rate τ was calculated from the sample thick-
ness (deduced from spectroscopic ellipsometry, see below)
and starts for the lowest In content at τ = 8.7 pm/pulse and
saturates around 7.2 pm/pulse for x ≥ 0.2. For monoclinic
(InxGa1−x)2O3, the growth rate is only 2 pm/pulse for the low-
est In content and saturated at 4 pm/pulse for x > 0.0530
for similar deposition conditions. Since the incident particle
flux on the substrate is, except for tin, the same for the CCS-
PLD growth of monoclinic (InxGa1−x)2O3 and orthorhombic
FIG. 2. (a) False color plot of 55 XRD 2θ-ω measurements acquired along a gradient direction. (b) XRD φ-scans and (c) single XRD 2θ-ω measurement of a sample piece
at x ∼ 0.01.
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FIG. 3. Surface morphology and corresponding surface roughness Rq measured by atomic force microscopy for In contents x as labeled.
(InxGa1−x)2O3:Sn, the increased growth rate for the κ-phase
is assigned to a strong reduction of the desorption of volatile
Ga2O. This is in line with findings of Kracht et al.20 who pro-
posed an oxidation of gallium suboxides by reducing SnO or
SnO2 at the surface, which leads to an increased incorpora-
tion of gallium and with that to higher growth rates compared
to tin-free growth. That the presence of tin is beneficial for the
stabilization of PLD thin films with an orthorhombic phase was
already pointed out in 2002 by Orita et al.19 who investigated
tin-doped Ga2O3 as a possible transparent conducting oxide
(TCO) material. Further, they demonstrated that tin is not
contributing to the electrical conductivity at RT likely due to
tin-related donor states being too deep to generate free elec-
trons at RT. EDX measurements on our CCS-PLD thin films
indicate the presence of about 0.6–0.8 at. % tin in orthorhom-
bic (InxGa1−x)2O3, however, an electrical conductivity was not
measurable corroborating results of Orita et al. that tin is
not donating free electrons in orthorhombic (InxGa1−x)2O3:Sn
at RT.
The surface morphology was investigated by AFM mea-
surements to deduce the root mean square surface rough-
ness Rq. Figure 3 depicts images of the thin film surfaces
of the orthorhombic part for six different In contents. The
images show smooth surfaces for x < 0.35 with low Rq val-
ues ranging between 0.45 nm and 0.94 nm independent of x.
For the highest In content in orthorhombic modification,
x = 0.35, an increased Rq of 2.38 nm caused by the phase tran-
sition from orthorhombic into hexagonal InGaO3(II) phase was
observed. The grains are spherically shaped with diameters of
approximately 100–120 nm for all In contents.
The compositional dependence of the bandgap (Fig. 4) was
determined by spectroscopic ellipsometry and shows three
regimes with small differences in the slope. In general, the
bandgap decreases as expected with increasing In content and
allows band gap engineering between about 4.9 eV and 4.3 eV
for 0 ≤ x ≤ 0.35.
With spectroscopic ellipsometry measurements, the
dielectric function (DF) was investigated in the spectral range
between 0.74 eV and 6.3 eV for angles of incidence of 50◦,
60◦, and 70◦. In order to reduce the impact of the compo-
sition gradient on an individual measurement, the spot size
was reduced to about 300 × 500 µm2 by using focusing
optics.
Due to the presence of rotation domains, the optically
biaxial films can be described by an uniaxial model with an
optical axis parallel to the surface normal. Therefore, standard
ellipsometry can be applied,34 i.e., the ellipsometric parame-




= tan Ψei∆. (1)
The abbreviations rp and rs represent the complex reflec-
tion coefficients for light polarized parallel and perpendicular
FIG. 4. The c-lattice constant determined from XRD patterns as well as the
bandgap and growth rate obtained from spectroscopic ellipsometry measurements
as a function of the In content x.
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to the plane of incidence. To reduce the dependence of Ψ and
∆ on the angle of incidence, it is appropriate to convert these
quantities into a pseudodielectric function 〈ε 〉.35 A layer stack
model consisting of a c-plane sapphire substrate, a thin film,
and a surface layer was used to obtain the dielectric function
(DF). For the c-plane sapphire substrate, the optical constants
were taken from Ref. 36. The thin film DF was described to be
uniaxial, i.e., the DF tensor is given by ε⊥ = εxx = εyy , ε ‖ = ε zz.
In the analysis of the experimental data, it was found that the
contribution of ε zz cannot be neglected. The line shape of each
tensor component was represented by model dielectric func-
tions. Similar to former calculated DF of β-Ga2O3 thin films
by Sturm et al.,34 the excitonic contributions (χexc) were
characterized by using a model function, which was devel-
oped by Tanguy.37–39 For the weakly pronounced band-band
transitions, which cannot be resolved separately, Gaussian
oscillators (χgauss) were used. Due to the Kramers-Kronig
transformation, the contributions of high-energy transitions
to the real part of the DF were taken into account by a
pole function (χpole). Since the optical axis is perpendicular
to the surface, the sensitivity to ε ‖ is quite low and the same
transitions for ε⊥ and ε ‖ can be assumed. Thus, the resulting









with i = ⊥, ‖.
Because of the strong correlation between the parame-
ters due to the absence of strong absorption features in the
spectra, a further assumption for each transition is that they
have the same energy and broadening in ε⊥ and ε ‖ . Finally,
the surface roughness was described by an effective medium
approach,40 where the DF of the Ga2O3 thin film and air was
mixed 1:1. The thickness of this layer was found to be about
2 nm. The experimentally recorded and calculated pseudodi-
electric functions are well coinciding as exemplary shown in
Fig. 5 for selected In concentrations and an angle of incidence
of 60◦. For energies below 4 eV, the spectra are dominated
by thickness oscillations allowing a precise determination of
the film thickness, which is in the range of 180–205 nm. For
FIG. 5. The experimental (black squares) and calculated (red solid lines) pseudodi-
electric function for selected In concentration and an angle of incidence of 60◦. For
a better clarity, the spectra are shifted vertically.
energies larger than 4 eV, absorption sets in and the oscil-
lations vanish such that the spectra are dominated by the
excitonic and band-band transitions.
The deduced dielectric function is shown in Fig. 6 for
selected In concentrations. As expected, a red shift of the
onset of the absorption is observed with increasing In con-
centration caused by an almost linear red shift of the tran-
sition energies with respect to the In concentration. Besides
the red shift of the transition energy, we also observe a
strong increase in the excitonic broadening from 50 meV for
x≈0.01 up to 350 meV for x ≈ 0.32 due to alloy broadening.
Interestingly, with increasing In concentrations, the differ-
ence of the line shape between ε⊥ and ε ‖ decreases, which
leads to a decrease in the optical anisotropy.
Besides the DF, another important quantity, especially for
the design of applications, is the refractive index. In the trans-
parent spectral range, the dispersion of the refractive index
can be described by the Cauchy function, i.e., n = A + B/λ2
+ C/λ,4 and the corresponding parameters are depicted in
Fig. 2 in the supplementary material. The red shift of the tran-
sition energies leads to an increase in the refractive index
expressed by an increase in the Cauchy parameters. However,
for x> 0.2, a decrease in the Cauchy parameters A and C can
be observed leading to a decrease in the refractive index espe-
cially at small energies. Up to now, the origin of this decrease
is not fully understood, but the strong decrease, which is also
observable in the real part of the DF as can be seen by the
kink at E ∼ 1 eV for x = 0.3, indicates the presence of free
FIG. 6. Dielectric function (a) ε 1,⊥, (b) ε 2,⊥ and (c) ε 2, ‖ of κ-(InxGa1−x )2O3 for
indium contents as labeled.
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charge carriers for these In concentrations, in contrast to
Hall effect data. We assume that the transport of the carri-
ers is suppressed due to the existence of potential barriers
that cannot be passed at room temperature. The origin of such
barriers is likely grain boundaries since rotational domains
exist.
As stated above, tin does not contribute free electrons
such that it is necessary to add an additional shallow donor
in order to achieve n-type conductivity. As a suitable candi-
date in κ-modification, we identified zirconium and fabricated
samples with a low In-content of x ≈ 0.01 and a Zr content of
1.3 at. %. The band gap and film thickness of the samples were
determined by spectroscopic ellipsometry to be 4.97 eV and
about 220 nm, respectively.
Resistivity and Hall-effect measurements were performed
on a 10 × 10 mm2 sample using the van-der-Pauw method.
The electrical conductivity versus T−1 is shown in Fig. 7(a). An
almost exponential increase in the conductivity with increas-
ing temperature can be observed. For lower temperatures,
the measured conductivity deviates from the simple exponen-
tial dependence (dashed line) due to the increase in the free
carrier mobility. The free carrier concentration is shown in
Fig. 7(b) in dependence on the temperature. An overall trend
can be observed: the free carrier concentration increases first
exponentially and begins to saturate for T ≥ 400 K. We fit-
ted the dependence using the equations provided in the sup-
plementary material. The respective fits with and without
compensation are shown in Fig. 7(b). The results of both the
cases are summarized in Table I. Overall, a better agreement
between the measured and the fitted data was achieved if
compensation was taken into account and yields values for
the donor concentration of ND = 3 × 1017 cm−3 with an acti-
vation energy of ED = 190 meV. In principle, we expect com-
pensating centers to be present in our heteroepitaxial thin
films, but further experiments are required to understand the
nature of donors and compensating acceptors as well as the
TABLE I. Results of fits of the temperature-dependent free carrier concentration using
equations provided in the supplementary material. ND and NA are the concentration
of the donor and compensating acceptors, respectively, ED is the thermal activation
energy of the donor, and En denotes the difference between the Fermi energy and
the energy of the conduction band minimum at room temperature.
Compensation ND (cm−3) NA (cm−3) ED (meV) En (meV)
Without 3 × 1018 . . . 310 370
With 3 × 1017 4 × 1016 190 490
electric transport phenomena in κ-Ga2O3 in more detail. In
comparison to the activation energy of 0.695 eV (without
compensation) determined by Pavesi et al.21 between 400
≤ T ≤ 600 K from conductance measurements on nomi-
nally undoped κ-Ga2O3 thin films, the donor level investigated
here is (independent of the compensation case) significantly
closer to the conduction band minimum, demonstrating that
it increases n-type conductivity even though ED is higher than
for an effective mass donor. Additionally, from the fits, the dif-
ference En = Ec − EF between the conduction band minimum
Ec and the Fermi level EF was calculated for room temperature,
which can also be found in Table I. From the resistivity and the
Hall-effect measurements, the mobility can be calculated. The
plot in dependence on the temperature is shown in Fig. 7(c).
For low mobilities (gray shaded area), the error of the mea-
surement becomes rather large and since a lower magnetic
field was used for the high temperature measurement, the
error is even larger here. From the dependence of the mobil-
ity on temperature, we deduced polar-optical scattering41 to
be the dominating scattering mechanism in this temperature
range. By fitting of the temperature-dependent mobility, the
Debye temperature was estimated to be about 1000 K. The
used equation can be found in the supplementary material.
Despite the data being well modeled by considering only one
scattering mechanism over the measured temperature range,
FIG. 7. Results of the temperature dependent resistivity and Hall-effect measurement from low temperatures (labeled LT) to intermediate temperatures and intermediate to
high temperatures (labeled HT). (a) shows the conductivity in dependence of T−1. For higher temperatures, the measurements show a linear dependence and for lower
temperatures, the measurements deviate from the linear dependence, indicating a more complex behavior. In (b) the free carrier concentration is shown in dependence on
the temperature. While the values scatter to some extent due to the noise of the measurement, a clear trend can be seen. The data was fitted with the equation for the cases
with and without compensation (see text and Table I for details). (c) shows the mobility in dependence on the temperature. At high temperature, the resulting mobilities are in
the range where, especially for the high temperature measurement, the error of the measurement becomes large (gray shaded area). For low temperatures, the mobility may
be dominated by polar-optical scattering, as can be seen from the fit of the data.
APL Mater. 7, 022525 (2019); doi: 10.1063/1.5054394 7, 022525-6
© Author(s) 2019
APL Materials ARTICLE scitation.org/journal/apm
FIG. 8. (a) IV-characteristics of SCs for
a bias sweep from negative to positive
voltages (dashed lines) and vice versa
(solid lines). Instead of the current, the
current density j is shown. In the inset,
a histogram of the rectification ratios
of the rectifying contacts can be found.
(b) shows a plot of the effective bar-
rier height vs. the ideality factor deter-
mined by fitting the individual character-
istics of the rectifying contacts with the
thermionic emission model.
it cannot be excluded that other scattering mechanisms also
play a role.
In Fig. 8(a), IV characteristics of a representative PtOδ/κ-
(In,Ga)2O3:Zr Schottky barrier diode is depicted. The plot
shows the current density j = I/A0, where A0 describes the
contact area. The first (second) sweep direction is from neg-
ative to positive (positive to negative) voltages as indicated by
the arrows. The difference between both measurement direc-
tions (the position of the zero-crossing) can be explained by
a charging current.42 For the contact shown here, a rectify-
ing behavior is observed and the diode exhibits a low reverse
current density of about 1 × 10−8 A cm−2. Overall, 22 con-
tacts were measured and the rectification ratio for V = ±2 V
(ratio between the magnitude of the currents measured at
these voltages) is depicted as histogram in Fig. 8(a). Some of
the contacts exhibit rectification ratios of up to six orders of
magnitude. For evaluation of the characteristics, we assumed
that the dominating transport mechanism is thermionic emis-
sion over the Schottky-barrier, which is reasonable in the
mobility and net-doping density range43,44 discussed above.
Since there exists no literature data for the effective mass of
κ-Ga2O3 and since the ideality factors determined here are too
high to evaluate the temperature dependence of the Richard-
son constant, the effective mass of the free carriers was
assumed to be the same as for β-Ga2O3 (meff = 0.28m045,46).
The dependence of ΦeffB on η is plotted in Fig. 8(b) and shows
that with the decreasing ideality factor, the effective bar-
rier height increases almost linearly. A similar behavior was
observed by Schmitsdorf et al.47,48 and explained by bar-
rier height inhomogeneities using a patch-like inhomogeneity
model developed by Tung.49 The homogeneous barrier height
ΦhomB was determined by linear extrapolation toward η = 1.02
to be about 1.35 eV.
In order to further investigate the barrier height
inhomogeneities, temperature-dependent IV-measurements
between 100 ≤ T ≤ 320 K and 300 ≤ T ≤ 700 K were performed.
The associated characteristics are displayed in Fig. 9. For tem-
peratures below 100 K, the series resistance becomes so large
that almost no rectification can be observed. For tempera-
tures above 575 K, the needle probes of the Linkam probe stage
scratched the surface of the contact due to the thermal expan-
sion and damaged it. The difference in the series resistance
between the measurement at low and at high temperatures
can be explained by the fact that for the low temperature
measurement, an ohmic contact close to the edge of the
sample was contacted, while for the high temperature mea-
surement, the ohmic contact that surrounds the measured
Schottky contact was used. Furthermore, it can be seen
that the series resistance increases strongly with decreasing
temperatures. Therefore, the determination of the effective
barrier height and the ideality factor becomes difficult at
low temperatures, since no exponential region is observed.
For temperatures of 200 K and higher, the characteristics
were fitted with the model of thermionic emission in order
to determine the effective barrier height and the ideality
FIG. 9. Temperature-dependent IV-characteristics taken from low temperatures
to intermediate temperatures (labeled LT) and intermediate to high temperatures
(labeled HT). Here, only the measurement direction going from positive to nega-
tive voltages is shown. The higher series resistance in the LT-measurement can
be explained by the fact that an ohmic contact on the edge of the sample was
used for this measurement. In the inset, the plots of the effective barrier height and
η−1 − 1 vs. T−1 can be found. Both show an almost linear dependence between
400 K and 200 K.
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factor. According to the theory of Werner and Güttler,50 a lin-
ear dependence of ΦeffB and (η
−1 − 1) on T−1 can be expected if
the barrier is laterally inhomogeneous with a Gaussian-shaped
barrier distribution. The corresponding plots are shown in the
inset of Fig. 9. Both, ΦeffB and (η
−1 − 1), show a linear depen-
dence on T−1 over a large temperature range. At temperatures
above 400 K, (η−1 − 1) deviates from the linear dependence,
which might be due to annealing effects. From linear fits in
the range between 400 K and 200 K (1000/T = 2.5 and 5 K-1),
the mean barrier height and the standard deviation of the bar-
rier distribution as well as their voltage coefficients %2 and %3
can be determined to be 1.95 eV, 0.20 eV, 0.13, and −0.02 eV,
respectively.
After temperature cycling (highest T = 700 K), a RT IV-
measurement was performed on other contacts on the same
sample piece. While the ideality factor and the series resis-
tance of the contacts increased and the characteristic became
more “rounded,” the contacts remained rectifying with recti-
fication ratios up to 5 orders of magnitude. Overall, the rec-
tification ratio decreased by 0.4 orders of magnitude, while
the effective barrier height stayed about constant and the
ideality factor increased by about 0.2. A plot showing an
IV-characteristic before and after the IVT-measurement is
provided in the supplementary material.
Because of the high series resistance of the Schot-
tky contacts, investigation by standard capacitance-voltage
measurements was not possible. Nevertheless, quasi-static CV
measurements can be performed, due to the low reverse cur-
rent. Exemplary CV-characteristics are shown in the inset of
Fig. 10(a). In the main plot of Fig. 10(a), the C−2–V dependency
is shown. Different linear regions with different slopes are
observed and fitted in order to estimate the net-doping con-
centration in the corresponding voltage region. The curve in
region 1 was linearly extrapolated toward C = 0 in order to
estimate the built-in voltage Vbi. The results are summarized
in Table II.
By numerical modeling, the net-doping density Nt was
calculated in dependence on the space charge region width w
for each contact on the sample. The mean value of the doping-
profile is plotted in Fig. 10(b) with solid lines. The shaded areas
correspond to the standard deviations of the measurements
on the contact. Note that the change in the net-doping den-
sity not necessarily means, that there exists a real change in
the doping concentration.51 It is also possible that at cer-
tain voltages, deeper lying defects are lifted above the Fermi
energy and hence contribute to the net-doping density for
this and lower voltages. This could mean that the minimum
observed in the doping-profiles could be due to a deep lying
acceptor (also leading to compensation) similar to the case of
β-Ga2O3 thin films.42 However, more detailed investigations
are necessary to obtain a full understanding. Further, there are
differences in the net-doping density determined by QSCV-
measurements and the donor concentration determined by
Hall-effect measurements, since deeper lying defects con-
tribute to the QSCV-signal. Therefore, the net doping den-
sity may differ from fits of the Hall-effect data, especially if
materials with a large band gap and high barrier height are
investigated.
FIG. 10. Results of the quasi-static CV measurement. The inset of (a) shows the
capacitance in dependence of the voltage. In (a), C−2 vs. V is shown. The dif-
ferently labeled regions correspond to regions of different linear slope in the plot.
The net-doping densities and the built-in potential determined from linear fits can
be found in Table II. (b) shows the calculated net-doping profiles. The solid line
corresponds to the mean value of measurements on the rectifying contacts and
the shaded area to the standard deviation.
In this work we discussed structural, optical, and elec-
trical properties of (InxGa1−x)2O3 thin films, which were
prepared in orthorhombic modification up to x = 0.35
using pulsed-laser deposition. The growth rate of κ-
(InxGa1−x)2O3:Sn is higher than that for monoclinic thin films
suggesting that desorption processes were suppressed by the
tin-assisted PLD growth. Since Sn is not electrically active
in the orthorhombic phase, it is necessary to additionally
dope κ-(InxGa1−x)2O3 to create conducting samples. As a suit-
able donor, we identified Zr and performed electrical trans-
port measurements on a thin film with an admixture of
1.3 at. % Zr. The donor concentration is about 3 × 1017 cm−3
and its thermal activation energy is 190 meV. The rectifi-
cation ratio of Schottky barrier diodes was as high as six
orders of magnitude, and the homogeneous barrier height
is 1.35 eV. Temperature-dependent measurements revealed a
TABLE II. Results of the linear fits in the different regions seen in Fig. 10(a). For





Vbi (V) Region 1 1.20
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strong increase in series resistance with decreasing tempera-
ture. Additionally, the DF and pseudo DF were derived for a
wide composition range in this work. Overall, the excellent
structural and morphological properties of κ-(InxGa1−x)2O3
compared to β-(InxGa1−x)2O3 heteroepitaxial thin films
make this material interesting for heterostructure-based
devices.
See supplementary material for several fitting equations
and additional figures about parameters of the Cauchy func-
tion and IV-characteristics of a contact at room temperature
before and after a temperature dependent IV-measurement to
temperatures up to 700 K.
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Here, ND and NA are the donor and acceptor densities, respectively, and h is Planck’s
constant. For the uncompensated case NA is assumed to be zero and therefore α = 1.
The Fermi energy was calculated from:





































where A∗ is the Richardson constant, meff the effective mass, m0 the electron mass, T the
temperature, kB Boltzmann’s constant and Rs the series resistance.
To fit the deduced polar-optical scattering for low temperatures compared to the Debye
























being the dimensionless polar constant.
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FIG. 1. The parameters of the Cauchy function as a function of the In concentration for n⊥ =
√
ε⊥.
































after T = 700 K
FIG. 2. IV-characteristics of a contact at room temperature before and after the temperature
dependent IV-measurement to temperatures up to 700 K. While the ideality factor and rectification
ratio slightly change, the contact remains rectifying.
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Due to a misassignment of EDX and XRD data of the elec-
trically conducting Zr-doped sample, electrical transport data and
properties of Schottky barrier diodes reported in the original arti-
cle1 were determined for a sample having monoclinic β-gallia
structure. The data as well as its analysis are valid; however,
it must be attributed to the monoclinic β-phase instead of the
orthorhombic κ-phase. The structural and optical data of the ternary
κ-(InxGa1−x)2O3 thin film with lateral spread of the cation composi-
tion are valid, and this erratum does not affect these results nor their
interpretation.
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Structural and Elastic Properties of α-(AlxGa1x)2O3 Thin
Films on (11.0) Al2O3 Substrates for the Entire
Composition Range
Anna Hassa,* Philipp Storm, Max Kneiß, Daniel Splith, Holger von Wenckstern,
Michael Lorenz, and Marius Grundmann
1. Introduction
During the last decade, ultrawide bandgap semiconductors and
specifically the group-III sesquioxides attracted increasing scien-
tific interest, especially monoclinic β-Ga2O3 triggered by demon-
stration of a Ga2O3 based metal–semiconductor field-effect
transistor by Higashiwaki et al. in 2012.[1] Its exceptional material
properties, such as a wide bandgap of 4.6–5.0 eV, a large Baliga’s
figure of merit, and a large breakdown field of 8MV cm1[1]
make Ga2O3 a viable candidate for next-generation power
electronic devices. Further applications within solar-blind and
quantum-well infrared photodetectors were proposed.[2–5]
Apart from the well-studied and thermodynamic stable
monoclinic β-gallia structure, Ga2O3 can crystallize in various
polymorphs.[6] The second-most stable
structure is the orthorhombic κ-phase, for
which ternary PLD thin films were already
reported.[7–11] The third-most stable poly-
morph is the rhombohedral α-phase.
In comparison to the β-polymorph,
α-Ga2O3 has a trifle higher bandgap of
5.0–5.3 eV.[12–16] N-type conductivity can
be achieved by an additional Sn-doping[17]
enabling the preparation of highly
rectifying Schottky barrier diodes.[17–19]
Consequently, devices operating at high
voltages with low on-resistance were
already demonstrated.[13] As the corundum
structure is the thermodynamically most
stable phase of Al2O3, the growth of ternary
(Al,Ga)2O3 is feasible without miscibility
gap, potentially enabling bandgap engi-
neering between 5.0 and 8.8 eV.[20] The rhombohedral unit cell
exhibits six Ga2O3 formula units and has space group R3̄c. Due to
the smaller ionic radii of Al (0.57 Å) compared to that of Ga
(0.62 Å), the lattice parameter a (c) can be increased from
4.7617 Å (12.995 Å) for α-Al2O3 to 4.9825 Å (13.433 Å)[21] for
α-Ga2O3.
Successful fabrication of rhombohedral Ga2O3 was reported
by mist chemical vapor deposition (CVD),[13,17,19,21–23] halide
vapor phase epitaxy (HVPE),[14,16,24] metalorganic vapor phase
epitaxy (MOVPE),[15] mist epitaxy,[19] and the sol–gel method,[12]
whereas ternary α-ðAlxGa1xÞ2O3 has been realized by mist
CVD,[25–28] PLD,[29,30] and molecular beam epitaxy (MBE)[31]
until now. As substrates, a-, c-, m-, or r-plane sapphire are possi-
ble to use. Typically, the rhombohedral structure forms under
high pressures and/or temperatures.[13,32]
In this study, we present the growth of binary α-Ga2O3 and
ternary α-ðAlxGa1xÞ2O3 thin films by PLD using two different
combinatorial approaches on a-sapphire. The binary α-Ga2O3
thin film was deposited utilizing a single Ga2O3 ceramic target.
By means of a twofold azimuthally segmented target (Ga2O3/
Al2O3) we created an α-ðAlxGa1xÞ2O3 thin film with a laterally
varying cation composition on a 2 inch in diameter wafer. The
continuous composition spread approach (CCS-PLD) was intro-
duced by von Wenckstern et al.[33] and the resulting cation gra-
dient ranges between x ¼ 0.13 and x ¼ 0.84 as measured by
energy-dispersive X-ray spectroscopy (EDX). The thin-film thick-
ness was determined by spectroscopic ellipsometry and ranges
between 230 and 280 nm across the wafer. Further laterally
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Structural properties of rhombohedral α-(AlxGa1x)2O3 thin films grown by two
combinatorial pulsed laser deposition (PLD) techniques are investigated for the
entire composition range. One α-(AlxGa1x)2O3 thin film is deposited on a 2 inch
in diameter large a-plane sapphire substrate using the continuous composition
spread (CCS) PLD technique to fabricate a thin film with varying Al content
ranging between x¼ 0.13 and x¼ 0.84. Laterally homogeneous α-(AlxGa1x)2O3
thin films exhibiting discrete Al contents are fabricated using radially segmented
PLD targets on (11.0) Al2O3. Independent of the PLD technique, for x 0.55, a
change from relaxed to pseudomorphic growth is observed as confirmed by the
evolution of in- and out-of-plane lattice constants. The crystal structure is studied
depending on the cation composition by X-ray diffraction confirming the fabri-
cation of epitaxial, corundum-structured thin films.
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homogeneous α-ðAlxGa1xÞ2O3 thin films were grown
utilizing radially segmented ceramic targets. The usage of such
targets allows the creation of a discrete material library and in
this case of ðAlxGa1xÞ2O3 thin films with a well-defined Al con-
tent by changing the radial position of the laser spot.[34] As thin
films with a laterally homogeneous, discrete cation composition
can thereby be produced, samples fabricated using radially seg-
mented targets are referred to as discrete cation composition
samples (DCCS) in the following. Another application of this
approach is the synthesis of a thin film having a vertically varying
cation composition, and that is why this method is abbreviated
with VCCS-PLD. Further information about the implemented
PLD approaches can be found in ref. [35].
The rhombohedral crystal structure of the thin films was
confirmed by X-ray diffraction (XRD) 2θ-ω scans. Furthermore,
epitaxial growth as well as the a- and c-lattice constants were stud-
ied in dependence on the Al content by XRD reciprocal space
map (RSM) measurements.
2. Results and Discussion
2.1. Chemical Composition
To identify the cation ratio of the 2 inch in diameter large
ðAlxGa1xÞ2O3 CCS–PLD thin film, EDX was conducted on
49 positions across the wafer. The measurement points are
marked as black dots in Figure 1a; the composition between
these data points was interpolated and the resulting cation ratio
represented as false color map. Along the cation gradient direc-
tion, marked with a black arrow, additional EDX measurements
were performed in 1mm steps to obtain the spatial Al depen-
dency with high lateral resolution as shown in Figure 1b.
The Al incorporation covers a range of 0.13 ≤ x ≤ 0.84.
2.2. Structural Analysis
The crystal structure of each sample was investigated by XRD.
In Figure 2a, an exemplary 2θ-ω scan of the binary Ga2O3 thin
film is presented and confirms the rhombohedral α-phase with
reflection peaks at 2θ ¼ 35.96° and 76.35°, which can be assigned
to the (110)- and (220)-lattice planes. The substrates reflection
peaks appear at slightly higher angular positions of 2θ ¼ 37.80°
and 80.52°. The XRD ϕ-scans of the asymmetric (113) reflection
of the thin film as well as of the substrate confirm single crystal-
line, epitaxial growth without rotational domains as the reflec-
tions occur on the same ϕ-angles for layer and substrate.
To analyze the shift of the (110)- and (220)-lattice plane reflec-
tions with increasing Al content, 2θ-ω patterns were recorded
every 1mm along the cation gradient of the 2 inch long
ðAlxGa1xÞ2O3 thin film shown in Figure 1 and subsequently,
the spatial positions were associated with the chemical composi-
tion shown in Figure 1b. The resulting false color map is
presented in Figure 2c and reveals the crystallization in the
rhombohedral phase in the entire investigated Al range. The
angular positions of the (110)- and (220)-reflection peaks shift
from 2θ ¼ 36.22° and 77.0° for x ¼ 0.13 to 2θ ¼ 37.34° and
79.56° for x ¼ 0.84, as expected, as the ionic radius of Al is
smaller compared to that of Ga. For x ¼ 1, the reflection peaks
will potentially merge into the substrate peaks detected at
2θ ¼ 37.80° and 80.52°.
2.3. Lattice Constants
RSMs of the asymmetric (226)-reflex were measured as function
of the ternary alloy composition to determine in-plane lattice con-
stants as well. Exemplary RSMs of the CCS α-ðAlxGa1xÞ2O3
sample are shown in Figure 3 revealing relaxed growth for
x ¼ 0.14 and pseudomorphic growth for x ¼ 0.84. To determine
the transition point from relaxed to pseudomorphic growth as
well as the behavior of the lattice constants, 25 RSMs were
recorded on various positions along the thin-film gradient.
Furthermore, RSMs of the binary Ga2O3 thin film as well as
of the bare substrate were examined. Hence, the reflection
peak positions were identified and are shown in Figure 4a in
reciprocal space units (qk, q⊥). The variation of the chemical com-
position is marked in false colors. Based on the reflection peak
positions, the out-of-plane a- as well as the in-plane c-lattice con-
stants were identified and shown in Figure 4b,c as a function of
the Al content. In Figure 4b, the a-lattice constants of the
lateral homogeneous α-ðAlxGa1xÞ2O3 thin films deposited via
the DCCS–PLD technique are included additionally. Based on
the graphs shown in Figure 4, a distinction of three different
Figure 1. a) Cation composition at 49 points across the surface of an
ðAlxGa1xÞ2O3 thin film as determined from EDX. The measurement
points are marked in the graph as black dots. The spaces between the
measurement points were interpolated; the black arrow reveals the
gradient direction. b) Al to Ga ratio x measured along the gradient direc-
tion by EDX.
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cation regimes is suggested: 1) 0 ≤ x ≤ 0.55, 2) 0.55 < x < 0.6,
and 3) x ≥ 0.6.
In regime (1) the peak positions of the (226)-thin film reflec-
tion in reciprocal space increases along a straight connecting the
α-Ga2O3 and α-Al2O3 binary endpoints indicating relaxed growth
of the thin film on the substrate for regime (1). Here, the a- and
c-constants both decrease nearly linearly. Linear fits of the lattice
constants yields
abulkðxÞ ¼ a0 þ x ⋅ ða1  a0Þ (1)
and
cbulkðxÞ ¼ c0 þ x ⋅ ðc1  c0Þ (2)
with a0 ¼ 4.9825 Å and c0 ¼ 13.433 Å denoting the lattice con-
stants of α-Ga2O3[21] as well as a1 ¼ 4.759 Å and c1 ¼ 12.991 Å
of α-Al2O3.[36] The experimentally determined lattice constants
of the binary sample are with a ¼ 4.976 and c ¼ 13.455 Å in excel-
lent agreement with literature values.[21] In the second identified
regime (2), the reflection peaks broaden strongly as observed in
Figure 3b. The evaluation of the peak positions reveals that q⊥
decreases slightly while qk increases up to the value of binary
α-Al2O3, indicating compressive in-plane stress of the lattice.
Here, the α-ðAlxGa1xÞ2O3 lattice adjusts in-plane to the sub-
strate’s lattice, which causes the rapid drop of c to approximately
12.99 Å, corresponding to the lattice constant of binary α-Al2O3.
The rapid change is compensated out-of-plane by a small increase
in a. For even higher Al contents (x ≥ 0.6), the out-of-plane crystal
Figure 3. RSMs of the CCS wafer recorded in the vicinity of the α-Al2O3 (226) peak for Al contents of a) x ¼ 0.14, b) x¼ 0.58, and c) x¼ 0.84.
Figure 2. a) XRD 2θ-ω scan of an α-Ga2O3 thin film. b) XRD ϕ-scans of the skew-symmetric (113) reflection of the α-Ga2O3 layer and the a-plane
substrate. c) 55 single 2θ-ω XRD scans presented as false color maps of the α-ðAlxGa1xÞ2O3 thin film in dependence on the cation composition recorded
along the composition gradient indicated in Figure 1a. Note, that the low-intensity peak at 2θ ¼ 44.48° is caused by the XRD sample holder and can be
neglected.
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lattice contracts leading to an increasing qk value, while q⊥
remains constant. Thinking of lattice constants, this means that
a decreases to the α-Al2O3 data point while c stays constant at
around 12.99 Å. A change in relaxed to pseudomorphic growth
with increasing Al content was also reported by Grundmann
and Lorenz.[30] for α-ðAlxGa1xÞ2O3 thin films on r-plane sap-








with εa ¼ a1=abulk  1, εc ¼ c1=cbulk  1, and the elastic constants
C11, C12, and C13 of the rhombohedral structure,
[30] is included in
Figure 4b coinciding with the experimental pseudomorphic out-
of-plane a-lattice constants. The observable theoretical bowing is
caused by the concentration dependence of the elastic constants
and fits reasonably well with the experimental data.
The constants derived for the α-ðAlxGa1xÞ2O3 thin films
coincides for 0 ≤ x ≤ 0.55 with literature values[25,28] and follow
Vegard’s law. The transition to pseudomorphic growth at around
x ¼ 0.55 is influenced by the thin-film thickness (here 240 nm)
and will occur at higher Al concentrations for thicker thin films.
In contrast to this current study, Ito et al., Dang et al., and
Fujita et al. reported growth of relaxed α-ðAlxGa1xÞ2O3
thin films in the entire composition range, pseudomorphic
growth was not.[25,28,38] Grundmann et al. reported a similar
transition composition for thin films in r-plane sapphire, which
might be due to different relaxation mechanisms, e.g., for
(01.2)-oriented thin films relaxation may occur via prismatic glide
planes which is not possible for the (11.0)-oriented thin films
discussed here.
3. Conclusion
In the present study, we investigated the growth as well as the
evolution of the lattice parameters with varying Al content of
α-ðAlxGa1xÞ2O3 thin films. The samples were synthesized by
different combinatorial PLD approaches on a-plane Al2O3 and
the rhombohedral crystal structure was confirmed by XRD
2θ–ω measurements. RSMs reveal a change of relaxed to pseu-
domorphic growth for an Al content of x ¼ 0.55. For x ≤ 0.55
the out-of-plane a- and in-plane c-lattice constants decreases with
increasing Al content following Vegard’s law confirming relaxed
growth. For the pseudomorphic thin films, the c-constant align at
around 12.99 Å corresponding to α-Al2O3 and the out-of-plane
a-lattice constant first increases step-like (x  0.6) and decreases
subsequently to the value of α-Al2O3.
4. Experimental Section
In this study, we investigated thin films deposited by using various com-
binatorial pulsed laser deposition (PLD) techniques. A Coherent LPX Pro
305 KrF excimer laser beam (248 nm) with an energy density of 2.6 J cm2
on the target surface is utilized. The target-to-substrate distance is 10 cm.
An α-Ga2O3 thin film was deposited at a growth temperature (Tg) of
640 C and an oxygen pressure (p(O2)) of 0.001mbar using a single
Ga2O3 (purity 99.999%, Alfa Aeser) ceramic target. Further lateral homo-
geneous thin films were deposited utilizing an elliptically segmented
Ga2O3/(Al0.4Ga0.6Þ2O3 (corresponds to Al contents of x < 0.75 ) or an
(Al0.4Ga0.6Þ2O3/Al2O3 (x > 0.75) target. The cation composition was var-
ied by changing the radial position of the laser spot on the PLD target based
on the VCCS–PLD technique.[34] The growth parameters are Tg¼ 715 C
and p(O2)¼ 0.0006mbar. As substrates 5 5mm2 large a-sapphire was
used, 10 000 laser pulses were applied with a repetition rate of 10 Hz.
The ternary thin film obtaining a lateral varying cation composition
was fabricated by using the CCS aproach for PLD.[33,35] The sample
was grown at Tg¼ 640 C and p(O2)¼ 0.006mbar on a 2 inch in diameter
large a-sapphire wafer. For this purpose, a twofold segmented ceramic
target consisting of one Ga2O3 segment and one Al2O3 (purity 99.997%,
Alfa Aesar) segment was rotated simultaneously with the 2 inch in diame-
ter large substrate. Both segments were additionally doped with 0.1 wt%
SiO2. The applied pulse number was 25 000 with a repetition rate of 10 Hz.
The chemical cation distribution of the 2 inch in diameter large wafer
was determined by EDX using a FEI Nova Nanolab 200 equipped with an
Ametek EDAX detector. XRD (2θ-ω, ϕ, RSM) measurements were
conducted using a PANalytical X’pert PRO MRD diffractometer equipped
(a) (b) (c)
Figure 4. a) From RSM extracted (226) reflection peak positions of the binary and the CCS sample in reciprocal lattice units. The Al content is indicated by
false colors. The dashed lines indicated the connection of the peak positions of binary α-Ga2O3 and α-Al2O3. b) Lattice constants a (out-of-plane) and
c) c (in-plane) of α-(AlxGa1xÞ2O3 in dependence on the Al content x. The dashed lines represents the theoretical calculations for the bulk alloy (red) and
pseudomorphic growth (orange). The black squares indicate the data received from the thin film deposited by CCS–PLD[33] and the blue diamonds
indicate laterally homogeneous thin films with a DCCS grown using radially segmented targets. The light-green triangle represents the α-Ga2O3 thin
film and the green star the theoretical value of binary Al2O3.
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with a PIXcel3D detector operating in 1D scanning line mode with 255
channels (for 2θ-ω scans), receiving slit mode (ϕ-scans), and fast 2D
frame based mode (RSMs).
The thin-film thickness was deduced by spectroscopic ellipsometry
using a dual rotating compensator ellipsometer (RC2, J.A. Woollam
M2000) with a spot size of about 300 500 μm2.
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Due to a typo in our theoretical calculations of the pseudomorphic out-of-plane lattice 
constant a, the “theory pseudomorphic” curve (orange dashed line) in Figure 4b) of the 
original article[1] was unfortunately plotted incorrectly. We corrected our calculations and 
plotted the modified graph below, which replaces the original Figure 4b). This correction has 
no consequences on the results of this study or modifies the discussion of the behavior of the 
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In recent years, ultra-wide bandgap semiconductors have increasingly moved into scientific focus due to their out-
standing material properties, making them promising candidates for future applications within high-power electronics
or solar-blind photo detectors. The group-III-sesquioxides can appear in various polymorphs, which influences, for
instance, the energy of the optical bandgap. In gallium oxide, the optical bandgap ranges between 4.6 eV and 5.3 eV
depending on the polymorph. For each polymorph it can be increased or decreased by alloying with aluminum oxide
(8.8 eV) or indium oxide (2.7-3.75 eV), respectively, enabling bandgap engineering and thus leading to an extended
application field. For this purpose, an overview of miscibility limits, the variation of bandgap and lattice constants
as a function of the alloy composition are reviewed for the rhombohedral, monoclinic, orthorhombic and cubic poly-
morph. Further, the effect of formation and desorption of volatile suboxides on growth rates is described with respect
to chemical trends of the discussed ternary materials.
I. INTRODUCTION
In the last decades, an increasing number of studies on
ultra-wide bandgap semiconductors have been reported and
more and more oxide semiconductors have come into fo-
cus. In this process a variety of publications and reviews on
structural, optical and electrical properties of monoclinic β -
Ga2O3 1–5 appeared. Up to now, successful implementations
of β -Ga2O3 based devices, such as high-power switches and
transistors 2–4,6, solar-blind photo detectors 7, gas sensors 8,
or thin film transistors 1, have been reported. The group-III-
sesquioxides and their ternary alloys can crystallize in dif-
ferent crystal structures. The growth of the respective struc-
ture can be specifically influenced by the choice of growth
parameters (e.g. substrate temperature, pressure, metal flux,
etc.), substrate material and orientation, additional doping
(e.g. tin for the orthorhombic polymorph), or others. The
electrically insulating Al2O3 grows in thermodynamic equi-
librium in a rhombohedral crystal lattice where it has a very
large optical bandgap of 8.7-8.8 eV. Due to its optical trans-
parency, high temperature and chemical stability, high mech-
anical strength 9 and its low cost industrial manufacturing
capabilities, α-Al2O3 is used commonly as substrate mater-
ial. Binary Ga2O3 can be synthesized in four different poly-
morphs identified as rhombohedral α-, monoclinic β -, de-
fective spinel γ-, or orthorhombic κ-phase (also referred to
as ε). Often a cubic δ -phase 10 is mentioned, but Playford
et al. showed that this polymorph is just a nanocrystalline
form of ε-Ga2O3 and not a distinct polymorph 11. The mono-
clinic β -gallia structure is the thermodynamically most stable
phase for which high-quality bulk single crystals are commer-
cially available and hence most Ga2O3 based publications deal
with the β -gallia polymorph. The remaining polymorphs are
metastable and can change their structure at different trans-
ition temperatures, resulting in a ranking of their thermody-
namical stability described by β > κ > α > γ 10. Depending
on the polymorph, the bandgap of Ga2O3 can range between
4.6-5.3 eV. The group-III sesquioxide with the smallest direct
bandgap is In2O3 with 3.6-3.8 eV 12–14, which crystallizes in
the cubic bixbyite structure in thermodynamical equilibrium.
Figure 1. Ball-and-stick representation of the rhombohedral (co-
rundum) α-, the monoclinic β -gallia, the orthorhombic κ-, and the
cubic bixbyite crystal structure. The blue marked atoms denote the
octahedral (Oh) and the green ones the tetrahedral (Td) cation sites.
The red atoms indicate the oxygen atoms. The structure models were
created with VESTA 15.
Ball-and-stick models of the rhombohedral, monoclinic, or-
thorhombic and cubic polymorphs are presented in Fig. 1. In
Tab. I the space groups, lattice constants and optical bandgap
energies of the binary materials, originating in these poly-
morphs, are summarized.
The fabrication of Ga2O3 thin films can be realized by a
variety of growth techniques such as mist chemical vapour
deposition 17,24–31 (mist CVD), metal organic CVD 22,32–45
(MOCVD), halide vapour phase epitaxy 46–56 (HVPE), met-
alorganic vapour phase epitaxy 57–59 (MOVPE), pulsed laser
deposition 57,60–69 (PLD), molecular beam epitaxy 57,70–76
(MBE), atomic layer deposition 77–79 (ALD), mist epitaxy,80,
the sol-gel method 81, and magnetron sputtering 82. Be-





























































Progression of Group-III Sesquioxides: Epitaxy, Solubility and Desorption 2
Table I. Space group, lattice parameter and optical bandgap for various binary polymorphs of the group-II sesquioxides.
Structure Space group Polymorph Lattice constants Optical bandgap
rhombohedral R3̄c α-Al2O3 a = 4.7617 Å 16
c = 12.995 Å 16
8.7-8.8 eV
α-Ga2O3 a = 4.9825 Å 17
c = 13.433 Å 17
5.2-5.3 eV
α-In2O3 a = 5.487 Å 18
c = 14.510 Å 18
3.7 eV
monoclinic C2/m θ -Al2O3 a = 11.854 Å 19
b = 2.904 Å 19
c = 5.622 Å 19
β = 103.83◦ 19
no exp. values
β -Ga2O3 a = 12.214 Å 20
b = 3.037 Å 20
c = 5.798 Å 20
β = 103.83◦ 20
4.6-5.0 eV
orthorhombic Pna21 κ-Al2O3 a = 4.8437 Å 21
b = 8.3300 Å 21
c = 8.9547 Å 21
no exp. values
κ-Ga2O3 a = 5.046 Å 22
b = 8.702 Å 22
c = 9.283 Å 22
4.9 eV
cubic Ia3 c-In2O3 a = 10.117 Å 23 3.75 eV
sides, crystalline β -Ga2O3 bulk crystals can be grown by
floating-zone (FZ) 83–85, the edge-defined film-fed growth
(EFG) 86, the Czochralski (CZ) 87,88, the Verneuil 89,90 and the
flux 20,91–93 methods. In studies about In2O3, the semicon-
ductor was inter alia fabricated by MOCVD 94–96, PLD 97–101,
MBE 102–107, or sputtering 108–110. The growth of bulk In2O3
from melt was developed and described by the IKZ Ber-
lin 111. The growth techniques of the ternary alloys used for
(Al,Ga,In)2O3 are summarized for the α-, β -, κ- and cubic
bixbyite phase in Tab. II.
In the present work we review the dependencies of lattice
constants and optical bandgaps as a function of the alloy com-
position of the rhombohedral, monoclinic, orthorhombic, and
cubic group-III-sesquioxide polymorphs. The review contains
published data as well as own results that we obtained on our
thin films grown by PLD. Furthermore, we point out how
formation and desorption of volatile suboxides influence the
cation composition and under which growth conditions in the
PLD chamber desorption can be suppressed. In the course
of this, we present thin films with a lateral varying compos-
ition, including a short description of the combinatorial PLD
approach used.
II. COMBINATORIAL THIN FILM SYNTHESIS
Investigations of entire mixtures of ternary solid-solutions
within a single thin film sample of ternary (Al,Ga)2O3 or
(In,Ga)2O3 is possible by employing a composition spread
approach, e.g., by pulsed laser deposition (PLD). A combin-
atorial PLD thin film synthesis was introduced by the semi-
conductor physics group of the Universität Leipzig (UL) 148,
which allows the growth of thin films that exhibit a lateral
variation of the cation composition. For a thin film with a
compositional gradient, a two-fold segmented target has to be
utilized. A synchronized rotation speed of target and substrate
used in the PLD chamber is a precondition for our approach.
The geometric arrangement of target and substrate influences
the cation composition as described in detail in Ref. 149.
In general, these thin films were synthesized by employ-
ing a KrF excimer laser (248 nm) with an energy density of
2.6 Jcm−2 on the target surface. The ceramic targets used are
composed of one half of Ga2O3 (purity 99.999%, Alfa Aeser)
and one half of Al2O3 (purity 99.997%, Alfa Aeser) or In2O3
(purity 99.994%, Alfa Aeser), respectively. In addition, the
segments can be doped, e.g. to induce electrical conductiv-
ity or to stabilize the growth of the κ-phase 69,76 (tin doping
is decisive). The target material is ball-milled and the ho-
mogenized powders are sintered in air and high temperatures
between 1150 and 1350◦C for 72 h. 2 in. diameter c-plane
sapphire substrates are placed in a heatable substrate holder
located at a distance of 10 cm opposite to the target. The lat-
eral offset between laser spot position on the target and the
substrate center is 16-17 mm. Besides the oxygen pressure,
the growth temperature in the PLD chamber can be adjus-
ted. Further details on our growth facilities are summarized
in Ref. 150. The pulse repetition number of the samples dis-
cussed ranges between 25000 and 30000 at a pulse frequency
of 10 Hz.
The cation distribution was determined by energy-
dispersive X-ray spectroscopy (EDX) using a FEI Nova Nan-
olab 200 equipped with an Ametek EDAX detector. The crys-
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Table II. Growth methods and highest reported cation incorporation for rhombohedral, monoclinic, orthorhombic, and cubic polymorphs of
(Al,Ga,In)2O3 alloys.
Polymorph Growth method Reported alloy range
α-(AlxGa1−x)2O3 mist CVD 112–115, PLD 116–118, MBE 119 entire composition range
α-(InyGa1−y)2O3 mist CVD 113,120,121 y ≤ 0.08, y ≥ 0.67 120
β -(AlxGa1−x)2O3 PLD 122–125, MBE 126–129, sputtering 130 x ≤ 0.61 128
β -(InyGa1−y)2O3 MOCVD 131, PLD 101,132–135, MBE 71,75,136, sol gel method 137 y ≤ 0.35 138
κ-(AlxGa1−x)2O3 mist CVD 139, PLD 140–142 x ≤ 0.65 140
κ-(InyGa1−y)2O3 mist CVD 143, PLD 144,145 y ≤ 0.35 144
c-(GazIn1−z)2O3 MOCVD 146,147, PLD 132,134, MBE 138, sol-gel method 137 z ≤ 0.5 146,147
tal structure was identified by XRD 2θ -ω scans conducted
with a PANalytical X’pert PRO MRD diffractometer equipped
with a PIXcel3D detector with 255 channels operating in 1D
scanning line mode. The thin film thickness (d) was determ-
ined by spectroscopic ellipsometry employing a dual rotating
compensator ellipsometer (RC2, J.A. Woollam M2000) with
a spot size of about 300× 500 μm2. Then the growth rate r
was calculated by dividing d by the number of pulses during
deposition.
III. FORMATION AND DESORPTION OF VOLATILE
SUBOXIDES
In several publications the influence of growth conditions
on growth rates (r) during deposition of Ga2O3 and its ternary
alloys with In or Al was studied systematically. The investig-
ations revealed that under high growth temperatures (Tg) and
oxygen-poor growth conditions volatile suboxides forms and
desorbs leading to lower r and that in ternary alloys a non-
stoichiometric incorporation of the provided cations into the
thin film can be observed.
Vogt et al. examined the influence of the O- and Me-fluxes
(Me = Ga, In) ratio for binary Ga2O3 and In2O3, respectively,
during MBE growth 73,136. In Ga2O3 for oxygen-rich condi-
tions the growth rates are determined by the offered metal flux
and no desorption of cation species was observed, which leads
to the assumption that all metal atoms are incorporated into
the thin film layer. In a oxygen-poor regime volatile Me2O
suboxides are formed, which were not incorporated into the
thin film. Consistent studies of PLD grown Ga2O3 thin films
also revealed the influence of oxygen pressure (p(O2)) and
growth temperature on the growth rate. Lower growth rates
are observed for decreasing oxygen pressure 65 or increasing
growth temperatures,66, respectively.
In the ternary alloys (Al,Ga)2O3 and (In,Ga)2O3 the desorp-
tion of volatile suboxides manifests itself in such a way that,
besides decreasing r, the cation ratio of Al to Ga or In to Ga is
altered. For PLD grown (Al,Ga)2O3 thin films a high growth
temperature and/or low oxygen pressure result in lower r and
higher Al incorporation into the layer 123,124,142,151. Due to the
lower dissociation energy of the Ga-O bond compared to the
Al-O bond, in an oxygen poor regime Ga atoms form volatile
sub-oxides being desorbed, which leads to a preferential in-
corporation of the Al atoms. In the (In,Ga)2O3 alloy desorp-
tion of volatile suboxides can be observed, too 131,136: the Ga
atoms are preferentially incorporated on account of the higher
dissociation energy of the Ga-O bond compared to the In-O
bond. In addition, a metal-exchange has to be taken into ac-
count for this alloy. In (In,Ga)2O3 the Ga atoms etches already
existing In-O bonds and then replace In 136. As a result, the re-
leased In atoms form either droplets on the thin film surface at
low Tg or will be desorbed as In2O suboxide at high Tg, lead-
ing to a further reduction of the In incorporation as well as
lower growth rates136. To investigate systematically the influ-
ence of p(O2) on (Al,Ga)2O3 and (In,Ga)2O3, CCS-PLD thin
films grown with well-defined lateral variation of the cation
flux at a constant temperature of 640◦C and either an oxygen
poor regime of p(O2) = 0.0003 mbar or an oxygen rich re-
gime of p(O2) = 0.01 mbar on c-plane sapphire were studied.
The composition gradients were determined by EDX and the
resulting Al and In contents in terms of the gradient position
are presented in Fig. 2. Position 0 indicates the center of the
wafer and the gray solid lines, the calculated model curve of
the CCS-PLD approach 149.
For oxygen rich conditions, the spatial resolution of the al-
loy composition fits quite well to the model curve, which in-
dicates a stoichiometric target-to-layer transfer with growth
rates between 9 and 10 pm/pulse for all Al contents and low In
content (y = 0.1). For higher y the growth rates range between
12.9 and 13.8 pm/pulse as visible in Fig. 3. In an oxygen poor
regime a strong deviation from the stoichiometric cation in-
corporation in (Al,Ga)2O3 and (In,Ga)2O3, respectively, can
be observed as well as a strong decrease in growth rates. For
the (Al,Ga)2O3 sample the Al content increases suddenly in
the first quarter from 45 at.% to around 80 at.% and increases
in the last three quarters slightly up to 99 at.%. The narrow Al
valley at position -14/-13 is caused by phase separation, which
is not within the scope of this work for which reason this is
not discussed further. A similar behaviour is given for the
(In,Ga)2O3 sample: for oxygen poor conditions the In content
increases in the first three quarters only up to approximately
20 at.% and jumps in the last quarter up to 80 at.% (see Fig. 2).
The strong non-stoichiometric cation incorporation is
caused by the low supply of oxygen atoms during growth lead-
ing to the formation and subsequent desorption of volatile sub-
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Figure 2. (a) Al cation ratio x and (b) Al cation ratio y recor-
ded along the gradient direction of CCS-PLD (AlxGa1−x)2O3 and
(InyGa1−y)2O3 thin films on c-sapphire substrates. The growth tem-
perature of each sample was around 640◦C and the oxygen regimes
are indicated in the graphs.
oxides, which can be further approved by the low grates being
≈ 6−7 pm/pulse below the values of the oxygen rich samples.
The growth rates of the (In,Ga)2O3 sample in the oxygen re-
gime increases with increasing In content, which is caused
on the one hand by the higher ionic radii of In compared to
Ga and on the other hand by a kinetically favored formation
of In2O3 leading to a faster reaction with O2 and thereby to
higher r.
Interestingly, the cation ratio of the (InxGa1−x)2O3 thin film
fits in the last quarter (y > 0.6) with the model curve due to
an observable phase separation to the cubic bixbyite phase (for
further details see Ref. 132), which allows the assumption that
despite formation and desorption of volatile suboxides, both,
Ga and In, are incorporated stoichiometrically in this phase.
In summary, it has been shown in this part that in the
(In,Ga)2O3 alloy mainly In2O forms and desorbs, why pro-
portionately more Ga atoms are detected in the layer. Against
it, in the (Al,Ga)2O3 alloy the significantly higher Al incor-
poration is due to a stronger Ga2O formation and desorption.
















 O2 rich ambient
 O2 poor ambient
Figure 3. Growth rates r for different cation compositions of
(AlxGa1−x)2O3 and (InyGa1−y)2O3 thin films grown on c-plane
sapphire at 640◦C and oxygen rich (p(O2) = 0.01 mbar) or poor
(p(O2) = 0.0003 mbar) conditions, respectively.



















Figure 4. In content y in terms of the spatial location on the
wafer for a β - and a κ-(InyGa1−y)2O3 thin film on c-plane sap-
phire. Both thin films were deposited in an oxygen poor regime
(p(O2) = 0.0003 mbar) at Tg = 640◦C.
Studies of the influence of Tg and p(O2) on β - and κ-
(Al,Ga)2O3 thin films, published in Ref. 142,151, demonstrate
that desorption occurs for both polymorphs. A direct compar-
ison showed that the formation and desorption of volatile sub-
oxides is stronger in the monoclinic alloy, resulting in an in-
creased Al incorporation in the layer under same growth con-
ditions. A potential reason for the slightly suppressed desorp-
tion in the orthorhombic polymorph is surfactant-mediated
growth. An additional tin supply during growth, both for
PLD and MBE, is necessary to synthesize orthorhombic thin
films 69,76. Tin acts as a surfactant in the growth process and
is not incorporated into the thin film 69,141.
Figure 4 presents β - and κ-(In,Ga)2O3 thin films
grown at Tg = 640◦C and oxygen poor conditions
(p(O2) = 0.0003 mbar). The κ-(In,Ga)2O3 thin film was
already discussed in Ref. 144 and a comparable β -(In,Ga)2O3
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Figure 5. Lattice constant a of α-(InyGa1−y)2O3 and α-
(AlxGa1−x)2O3 as a function of the alloy composition. The data
was taken from Hassa et al. 118, Fujita et al. 113 and Dang et al. 115.
Recent data from our PLD thin films are shown by star-shaped (for
lateral homogeneous thin films) or diamond-shaped (for CCS-PLD)
markers and are denoted by UL.
thin film in Ref. 132 by the University of Leipzig (UL).
The β -phase crystallized up to approximately y = 0.28 and
the κ-phase up to y = 0.35. For higher In contents phase
separation proceeds to the hexagonal InGaO (II) as well as
to the cubic (Ga,In)2O3 phase (crystal structure determined
by X-ray diffraction 132,144). From position -23 to -12, the
increase of y of both polymorphs is equal. After this point
it can be observed that the content gap of y becomes larger
with ongoing positions. At position 11 the gap is ∆y = 0.17,
which indicates a more extensive formation and desorption of
volatile suboxides in the β -phase.
IV. CRYSTAL STRUCTURE
The group-III sesquioxides (Al2O3, Ga2O3 and In2O3) have
different ground state crystal structures, namely the rhombo-
hedral corundum, the monoclinic β -gallia and the cubic bix-
byite structure, respectively. The rhombohedral corundum-
structure has been reported as the only polymorph for all of
the group-III sesquioxides and hence it should in principle be
possible to stabilize the α-phase throughout the entire com-
position range 121. Phase separation in the (Al,Ga,In)2O3 al-
loys is expected for all other polymorphs. The miscibility gap
will likely depend on the polymorph considered. In Tab. II
the actual reported maximum cation compositions of the ther-
modynamically most stable polymorphs are shown. Since Al,
Ga and In have different ionic radii the lattice constants will
change within ternary alloys. An incorporation of Al into
Ga2O3 leads to decreasing lattice parameters, while In incor-
poration causes an increase. The cation sites have a coordin-
ation number of 4 or 6 depending on the distinct polymorph.
The ratio and arrangement of the octahedral (Oh) or tetrahed-
ral (Td) lattice sites differs in the polymorphs discussed below
and is distinguished by color in Fig. 1.
A. Rhombohedral crystal structure
In the corundum structure (space group R3̄c) all Me3+
(Me = Al, Ga, In) cations occupy Oh lattice sites and grow
within a hexagonal close-packed O2− array. The unit cell
presented in Fig. 1 contains six Me2O3 formula units with the
space group R3̄c. As indicated, all group-III-sesquioxides can
be synthesized in the rhombohedral structure and alloying in
the whole composition range should be possible as observed
for α-(AlxGa1−x)2O3. It is interesting that so far In in α-
Ga2O3 has only been reported up to 8 at.%, while Ga has been
incorporated up to 33 at.% into α-In2O3 120. The pseudo-
hexagonal lattice constants (a/c) in the corundum-structured
(Al,Ga,In)2O3 thin films range between a = 4.7617 Å / c =
12.995 Å 113 for Al2O3, a = 4.9825 Å / c = 13.433 Å for
Ga2O3 17, and a = 5.487 Å / c = 14.510 Å for In2O3 18. Fig-
ure 5 presents the evolution of the a-lattice constant as a func-
tion of the composition for relaxed thin films 113,115,118, which
follow Vegard’s law. The linear fit of the a-lattice constant can
be found in Tab. III. The slope in β -(InyGa1−y)2O3 is much
higher than for β -(AlxGa1−x)2O3 due to a higher relative per-
centage difference in the atomic radii of In with respect to Ga
(14% larger) compared to Al to Ga (6.5% smaller).
B. Monoclinic β -gallia crystal structure
Monoclinic β -Ga2O3 belongs to space group C2/m 20 and
the unit cell is formed by four Ga2O3 molecules, where the Ga
atoms occupy either the Oh or the Td lattice site with a ratio of
1:1. By alloying β -Ga2O3 with In or Al, these cations prefer
the Oh lattice sites 92,154. After Al has occupied all Oh lattice
sites (50 at.%), the Td lattice sites are then also occupied 154.
There exist three possibilities of connections between the oc-
tahedrally and tetrahedrally ordered cations. In the [010]-
direction the Td are connected with each other as well as the
Oh. The Oh are also connected along the [102]-direction. In
the remaining directions, there exists only linkings between
the Td and Oh cation sites 156. The oxygen atoms can oc-
cupy three different lattice sites, two of them, namely O(1)
and O(2), are threefold and O(3) is fourfold coordinated.
Since only Ga2O3 crystallizes in the β -phase, the solubility
of Al and In in this structure is limited. The highest repor-
ted Al content in β -(AlxGa1−x)2O3 thin films is x = 0.61 128
and x = 0.78 in ceramic samples 157. The maximum In in-
corporation into β -(InyGa1−y)2O3 thin films is y = 0.35 71
and y = 0.44 23 in ceramic samples. The lattice constants
of β -Ga2O3 are a = 12.214 Å, b = 3.037 Å, c = 5.798 Å and
β = 103.83◦ 20. Figure 6 presents published lattice parameters
of monoclinic (Al,Ga)2O3 and (In,Ga)2O3 alloys as a function
of the Al or In content, respectively 23,92,137,152,154,155. The
data points exhibit a linear dependency and thus follow Ve-
gard’s law. The fits of each lattice parameter are shown in
Tab. III. Interestingly, for x = 0 the lattice constants are in
close agreement with the values of binary β -Ga2O3, while for
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Figure 6. Lattice constants a, b, c and β in dependence on the cation composition for monoclinic β -(InyGa1−y)2O3 and β -(AlxGa1−x)2O3.
Literature data were compiled for powder samples (Kranert 152,153, Krüger 154, Edwards 23, Shannon 92), thin films (Kokubun 137) and bulk
crystals (Vasyltsiv 155). The Recent data from our PLD thin films are shown by star-shaped markers and are denoted by UL.
y = 0 the lattice constants a, b and c are 1 to 1.7% higher. The
angle β is for both alloys the same of about 103.88◦ fitting
well to the binary value of 103.83◦ 20. Extrapolations to x = 1
show a close agreement of the lattice parameters with those
of monoclinic θ -Al2O3, with the exception of the lattice para-
meter β , which should be nearly identical for both materials.
C. Orthorhombic crystal structure
In the orthorhombic structure the Td to Oh coordinated
cations exhibit a ratio of 1:3 and are formed by six molecules
in space group Pna21. Often the orthorhombic polymorph
of Ga2O3 is also denoted as ε-phase. Since some literature,
probably Cora or Kneiß et al., the isostructurality to κ-Al2O3
demonstrated, the orthorhombic polymorph is named κ and
not ε 22,69. The Me3+ cations can be arranged as pure Oh or
mixed Td and Oh layer along the [001]-direction or as zig-
zag ribbons consisting of edge-shared Oh and corner-shared
Td layers 21,22. The oxygen atoms arrange themselves as an
ABAC pseudo-close-packed stacking 21.
Since the Al2O3 can form an orthorhombic lattice, the
whole composition range of κ-(AlxGa1−x)2O3 should be feas-
ible. Actually the highest reported Al content on c-sapphire
substrates is x = 0.46 141, which can be significantly increased
Table III. Dependence of the lattice constants of rhombohedral,
monoclinic, orthorhombic, and cubic (Al,Ga,In)2O3 thin films on the
cation incorporation. The equations represent the linear fittings from
Fig. 5, Fig. 6, Fig. 7 and Ref. 23,158,159.
Material Lattice parameter
α-(AlxGa1−x)2O3 a(x) = (4.983−0.225x) Å
α-(InyGa1−y)2O3 a(y) = (4.999+0.471y) Å
β -(AlxGa1−x)2O3 a(x) = (12.217−0.455x) Å
b(x) = (3.039−0.128x) Å
c(x) = (5.808−0.184x) Å
β (x) = (103.88+0.415x) Å
β -(InyGa1−y)2O3 a(y) = (12.241+1.332y) Å
b(y) = (3.046+0.325y) Å
c(y) = (5.812+0.353y)
β (y) = (103.88−3.098y) Å
κ-(AlxGa1−x)2O3 c(x) = (9.274−0.347x) Å
κ-(InyGa1−y)2O3 c(y) = (9.268+1.121y) Å
c-(GazIn1−z)2O3 a(z) = (10.113−0.803z) Å
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Figure 7. Lattice constant c of κ-(InyGa1−y)2O3 and κ-
(AlxGa1−x)2O3 as a function of the alloy composition. The data was
taken from: Hassa et al. 141,144, Kneiß et al. 145, Nishinaka et al. 143,









































Figure 8. Lattice constants of the rhombohedral, monoclinic and
orthorhombic polymorph of (AlxGa1−x)2O3 and (InxGa1−x)2O3 as
function of the alloy composition. The graphs are based on the equa-
tions depicted in Tab. III. The solid lines mark the maximum exper-
imental cation ratio and the dashed lines are extrapolated to Al2O3
(x = 1) and In2O3 (y = 1).
up to x= 0.65 using a κ-Ga2O3 buffer layer between substrate
and thin film 140. For κ-(InyGa1−y)2O3 on c-sapphire a max-
imum In incorporation of x = 0.35 144 was realized, up to now.
The lattice constants for κ-Al2O3 are identified to be a =
4.8437 Å, b = 8.3300 Å and c = 8.9547 Å 21 and for κ-Ga2O3
as a= 5.046 Å, b= 8.702 Å and c= 9.283 Å 22. The influence
of the Al content 139–141 or rather In content 143–145 on the lat-
tice parameter c is presented in Fig. 7. As for the monoclinic
alloys causes the Al (In) incorporation a linear decrease (in-
crease) of c according to Vegard’s law. Linear fittings of the
experimental values results in the equations listed in Tab. III.
Assuming again x = 0 and y = 0, c fits well with the experi-
mental result of binary κ-Ga2O3. By extrapolating the lattice
constant up to x = 1, 8.927 Å is obtained being in close agree-
ment with binary κ-Al2O3 21, too.
Table IV. Linear fits of the optical bandgaps in dependence on the Al
incorporation x or In content y for the α-, β -, κ- and cubic phase of
(Al,Ga,In)2O3. The data are taken for α from Ref. 112,115, for β
from Ref. 122,133,134,137,155,160,161, and for κ from Ref. 139–
141,143–145.
Material Bandgap (eV)
α-(AlxGa1−x)2O3 Eg(x) = 5.25+3.31x
β -(AlxGa1−x)2O3 Eg(x) = 4.98+1.56x
β -(InyGa1−y)2O3 Eg(y) = 4.99−2.32y
κ-(AlxGa1−x)2O3 Eg(x) = 4.91+2.10x
κ-(InyGa1−y)2O3 Eg(y) = 4.90−1.85y
c-(GazIn1−z)2O3 Eg(z) = 3.73+0.56z
D. Cubic crystal structure
The cubic structure, also called bixbyite, is body-centered
cubic (bcc) and belongs to the space group Ia3. The bcc
unit cell consists of 16 molecules. The sixfold coordinated
cations can occupy the Wyckhoff position 8b (cation lies on
the space diagonal between two oxygen vacancies) or the
Wyckhoff position 24d (within the bcc cell with the oxygen
vacancies located on the surface diagonal), respectively. The
ratio of the b to d cation positions is 8:24 in the unit cell.
As substrates (100)ZrO2 or (006)Al2O3 are mostly used. The
solubility limit of Ga atoms into phase pure cubic In2O3 is
50 at.%146,147. For higher Ga contents an additional phase,
usually the monoclinic β -gallia and/or hexagonal InGaO3
phase can be observed. The lattice parameter in binary In2O3
is a = 10.117±0.001 Å 158 and can be decreased by alloying
with Ga 23,159 following for the a-lattice constant Vegard’s law
presented in Tab. III.
V. OPTICAL BANDGAP
One of the most important aspects of the group-III sesqui-
oxides is the possibility of bandgap engineering in a broad
range. Actually, Al2O3 and Ga2O3 are indirect semiconduct-
ors, but with such a small difference in the band-to-band trans-
ition that both behave much as direct bandgap semiconduct-
ors 3,162. For In2O3 a distinct classification of direct or in-
direct bandgap is also possible and widely discussed. As in-
troduced by Weiher and Ley, In2O3 can exhibit an indirect,
forbidden band-to-band transition of E indirectg = 2.62 eV and
a direct transition of Edirectg = 3.75 eV
13. Further investig-
ations of Walsh et al. showed that the direct optical band-
to-band transitions are parity-forbidden, resulting in an upper
bandgap limit of 2.9 eV 163. The first dipole allowed band-
to-band transition can be observed at 3.7 eV, which could be
experimentally confirmed 13,164.
For Ga2O3 the bandgap energy depends strongly on the re-
spective formed polymorph. For instance, the bandgap of the
monoclinic polymorph can range between 4.6 and 5.0 eV 3.
Due to the optical anisotropy, the bandgap depends strongly
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Figure 9. Optical bandgap as function of the Al, In or Ga incorporation x, y or z for the (a) rhombohedral, (b) monoclinic, (c) orthorhombic
and (d) cubic polymorphs of the group-III sesquioxides. The data were extracted for the α-polymorph from Ref. 112,115,120, for β - from
Ref. 122,133,134,137,151,155,160,161, for κ- from Ref. 139–141,143–145, and for the cubic phase from Ref. 134,146,147.









































Figure 10. Optical bandgap in dependence on the lattice parameter (a) a for rhombohedral, (b) a for monoclinic and (b) c for orthorhombic
(Al,Ga)2O3 and (In,Ga)2O3. The solid line presents linear fittings of recently published data. The dashed lines shows the extrapolation to
binary Al2O3 and In2O3. The lattice parameters and bandgap energies for α-, β - and κ-Ga2O3 as well as for α-Al2O3 and In2O3 are taken
from Tab. I.
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Figure 11. Optical bandgap in dependence on the cation incorpora-
tion x or y based on Tab. IV for the rhombohedral (black), monoclinic
(blue), orthorhombic (red) and cubic polymorphs (orange) of the ses-
quioxides. The solid lines represents the maximum reported cation
incorporation for the distinct polymorphs and the dashed lines are
extrapolated to the binary sesquioxides.
on the orientation and polarization 165. The orthorhombic
Ga2O3 exhibits an optical bandgap of 4.9 eV 38,55,69 and
the rhombohedral phase a slightly higher one of 5.2 to
5.3 eV 24,46,48,58. The optical bandgap of α-Al2O3 was found
to be 8.7-8.8 eV 115,166 and for binary κ-Al2O3 no experi-
mental bandgaps are available. Figure 9 summarizes exper-
imental results of optical bandgaps as a function of the al-
loy composition for rhombohedral (α), monoclinic (β ), or-
thorhombic (κ) and cubic polymorphs of (Al,Ga,In)2O3 thin
films. The linear fits of the separate polymorphs are summar-
ized in Tab. IV. The highest bandgap variance is observed in
the rhombohedral α-phase, since each sesquioxide can crys-
tallize in the rhombohedral structure allowing bandgap engin-
eering between 3.7 eV 120 and 8.7 eV 115, except a range of
4 < Eg < 4.95 eV 120. For the β - and κ-phase alloys is the
bandgap engineering limited by the solubility and therefore
phase separation.
Using the linear fits (see Tab. IV), extrapolations to the
current maximum Al and In incorporation allows declaration
of the possible bandgap engineering. It follows that for β -
(Al,Ga,In)2O3 thin films the bandgap can be varied between
approximately 4.2 and 5.9 eV corresponding to an In content
of 35 at.% and an Al content of 61 at.% into β -Ga2O3. For
the ternary alloys of the orthorhombic structure ensues a sim-
ilar range of about 4.25 to 6.2 eV (35 at.% In, 65 at.% Al).
For phase pure cubic (GazIn1−z)2O3 amounts the maximum
reported Ga incorporation z = 0.5 146,147 leading to a small
bandgap variation of 3.7 eV to 4.05 eV. Figure 11 illustrates
the actual possible and extrapolated bandgap energies of all
polymorphs discussed in dependence on the alloy compound.
In addition, Fig. 10 summarizes the data fits from Tab. III and
IV for α-, β - and κ-Ga2O3 alloyed with Al or In and rep-
resents the relation of the optical bandgap as a function of
the lattice parameter. For this purpose, these equations were
resolved according to x/y and then put on a par. Assuming
that monoclinic and orthorhombic (Al,Ga,In)2O3 thin films
are achievable up to binary Al2O3 and In2O3, the plots (Eg
vs. x/y and Eg vs. lattice constant) were extrapolated up to
the maximum and minimum possible values of x = 1 or y = 1
(dashed lines in Fig. 11), respectively. As a result of these
extrapolations for the monoclinic phase a maximum bandgap
range of 2.67−6.54 eV and for the orthorhombic polymorph a
range of 3.05− 7.01 eV. Compared with experimental results
of α-Al2O3 (8.7-8.8 eV 115,166), the extrapolated monoclinic
and orthorhombic Al2O3 bandgaps are much smaller. The ex-
trapolated values for β -In2O3 reflect the value of the parity-
forbidden direct bandgap of cubic In2O3, whereby the extra-
polated value of κ-In2O3 is near the fundamental bandgap 163.
In contrast, the alloy of cubic In2O3 with Ga exhibits dir-
ect band-to-band transistions with a possible bandgap range
of 3.7 eV to an extrapolated maximum of 4.28 eV for cubic
Ga2O3. A possible reason for the strong difference of the ex-
trapolated values for β - and κ-In2O3 with the actual cubic
In2O3 bandgaps can be that the calculation for the β - and κ-
polymorph starts at the Ga2O3 of the phase diagram where no
parity-forbidden transitions were reported. Since the graphs
intersect each other at an average In content of 40 at.%, this
could indicate the critical cation composition where phase
separations proceeds.
However, for α-(In,Ga)2O3 and cubic (Ga,In)2O3 thin
films, a bandgap bowing of b = 1.69 eV 167 can be observed
resulting in a minimum bandgap of 3.7 eV 113,120,146. Such
a bowing cannot be excluded for the monoclinic and or-
thorhombic polymorph, so it should be kept in mind for higher
potential In contents.
VI. SUMMARY AND OUTLOOK
In this report, we pointed out that for the group-III-
sesquioxides, oxygen pressure has a strong influence on the
alloy composition and cation incorporation of PLD grown thin
films. At low oxygen pressures, volatile suboxides are formed
and desorb. Due to different dissociation energies of the Me-
O bonds, the provided cations are incorporated with differ-
ent preferences. The dissociation energy of the Al-O bond
is higher as the Ga-O bond, which is higher than the In-O
bond, resulting in a preferentially incorporation of Al into the
(Al,Ga)2O3 alloy or Ga into the (In,Ga)2O3 alloy.
Besides, we have reviewed the dependence of lattice con-
stants and optical bandgap on the group-III sesquioxide
alloy composition for the rhombohedral, monoclinic, or-
thorhombic, and cubic crystal structures. The summarized
data revealed different solubility limits of the distinct poly-
morphs of (AlxGa1−x)2O3 and (InyGa1−y)2O3 due to different
ground state crystal structures of the binary materials. For
instance, in the rhombohedral structure the cation incorpora-
tion of Ga in α-Al2O3 or Al in α-Ga2O3 is possible in the
entire compositional range, while Ga in α-In2O3 was only re-
ported up to 33 at.% and In in α-Ga2O3 has a solubility limit
of around 8 at.%. For the monoclinic and orthorhombic poly-
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Figure 12. Current miscibility limits and corresponding optical
bandgap energies for the rhombohedral α-, monoclinic β - and or-
thorhombic κ-polymorph of (AlxGa1−x)2O3 and (InyGa1−y)2O3 as
well as for cubic (InyGa1−y)2O3. The graph was adapted and exten-
ded from Ref. 168.
morphs of Ga2O3, which are not reported for binary Al2O3
and In2O3, the maximum reported cation incorporations are
similar: The Al content reaches a maximum of 61 to 65 at.%
and In is included up to 35 at.% in β - or κ-Ga2O3. The
highest reported Ga content in the cubic In2O3 phase was re-
ported to be 50 at.%. Starting from Ga2O3 the lattice con-
stants decreases (increases) with increasing Al (In) incorpor-
ation and follow for all reviewed polymorphs Vegard’s law.
We also reviewed the evolution of the bandgap, which leads
to bandgap ranges from 3.7-4 eV and 4.95-8.7 eV for the α-
polymorph, 4.2-5.9 eV for the β -polymorph, 4.2-5.7 eV for
the κ-polymorph, and 3.7-4.05 eV for the cubic phase. The
bandgaps and corresponding miscibility limits are summar-
ized in Fig. 12 for all polymorphs discussed.
Future studies and investigations should continue to focus
on expanding the phase limits of the ternary alloys for each
polymorph of the group-III sesquioxides. Since the α-phase
can be stabilized across the entire composition range of the
(Al,Ga)2O3 alloy and this is also - at least theoretically - feas-
ible for the (InxGa1−x)2O3 alloy, this structure is particularly
suitable for the realization of of wavelength-selective photo-
detectors, such as deep UV-photodetectors or QWIP’s. With
the availability of native β -Ga2O3 substrates, alloys of this
phase are a prime candidate for the realization of high per-
formance power devices and possibly QWIP’s. The κ-phase is
due to it’s spontaneous polarization especially interesting for
confining extremely high 2DEG densities, which can be po-
tentially exploited in HEMT’s. The emphasis should also re-
main on optimizing or realizing the electrical conductivity of
all polymorphs of (InxGa1−x)2O3 or (AlxGa1−x)2O3, respect-
ively.
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This thesis summarizes studies of the epitaxy and physical properties of various Ga2O3
based alloys with In2O3 or Al2O3, respectively. The best growth conditions were de-
termined to suppress the formation and desorption of volatile suboxides and to obtain
high quality samples. The κ-phase was successfully stabilized and maximum cation
contents of xIn =0.35 in the κ-(In,Ga)2O3 alloy and xAl =0.46 in the κ-(Al,Ga)2O3 al-
loy were achieved, allowing bandgap engineering of about 4.3 to 5.8 eV. The growth of
α-(Al,Ga)2O3 was successfully realized over the whole composition range. All obtained
data were summarized together with recent literature data.
Desorption processes during growth of the β- and κ-phases of (Al,Ga)2O3
and (In,Ga)2O3 thin films
The choice of deposition conditions directly influences the growth of the ternary
alloys of the sesquioxides investigated. Within the PLD technique, both, p(O2) and
Tg, can be set as mentioned. To investigate the impact of these conditions on the
monoclinic and orthorhombic polymorphs, (Al,Ga)2O3 and (In,Ga)2O3 thin films were
deposited by different PLD approaches and systematically changed growth condi-
tions. Two (Al,Ga)2O3 sample series were fabricated using a Si-doped or a Sn doped
Ga2O3+8.8 at.%Al2O3 ceramic target, respectively. The resulting monoclinic and or-
thorhombic thin films exhibit systematically divergent physical properties: Decreasing
p(O2) and/or increasing Tg leads to an enhanced incorporation of Al atoms compared
to Ga atoms and considerably lower growth rates due to the formation and subsequent
desorption of volatile Ga suboxides (Ga2O). At low p(O2) there is a small amount of
oxygen atoms in the PLD chamber, which favors an increased formation of energetically
more beneficial volatile suboxides. These suboxides desorbs and are not incorporated
in the thin film. Since the dissociation energies of the Al-O bond is higher than that
of the Ga-O bond, the Al atoms are incorporated preferentially into the layer. As a
86
consequence, lower growth rates with higher Al-contents were observed.
For further investigations of the desorption process (In,Ga)2O3 and (Al,Ga)2O3 thin
films were fabricated applying the CCS-PLD approach with low and high p(O2). Also
in this case, low p(O2) leads to changed cation compositions and low growth rates.
However, the Ga-content in the (In,Ga)2O3 alloy is higher than the In-content due to
the weaker dissociation energy of the In-O bond compared to the Ga-bond.
Studies of (Al,Ga)2O3 and (In,Ga)2O3 thin films under systematically changed am-
bient conditions are presented in a total of three publications [E2,E3,E7].
Physical properties and Phase formation of orthorhombic (Al,Ga)2O3 and
(In,Ga)2O3 thin films
Investigations on (Al,Ga)2O3 thin films, prepared under systematically changed
growth conditions, revealed that the formation of the orthorhombic polymorph strongly
depends on p(O2) and Tg. For that, p(O2) below 0.016mbar, a high Tg above 580◦C
and an additional amount of tin in the PLD target are required. The tin probably
acts as surfactant by creating a liquid tin layer on the sample surface. Conducted XPS
measurements revealed tin residues only on the sample surface and not in the layer,
which supports the surfactant-mediated growth. An exact confirmation of this assumed
growth process was not possible under the given measurement setups and should be
part of future investigations. Further growth conditions lead to monoclinic thin films
or a mixture of the β-, γ- and κ-phases.
Based on this study, 2 inch in diameter large samples were prepared by the CCS-
PLD approach applying circular half-segmented Ga2O3/Al2O3 or Ga2O3/In2O3 ceramic
targets to fabricate thin films with a lateral varying cation composition. The targets
were doped with tin to induce the κ-phase. In (AlxGa1−x)2O3, the κ-phase was obtained
in the range of 0.07≤xAl≤ 0.46 [E4], which was the highest reported value at that
time. Later, a maximum Al-content of x=0.65 was achieved by introducing a κ-Ga2O3
buffer layer between substrate and layer [E13]. For κ-(InxGa1−x)2O3, the κ-phase was
achieved up to xIn =0.35 being the highest reported In-content so far [E5]. XRD φ-scans
on these thin films demonstrates epitaxial growth in three rotational domains for the
orthorhombic alloys. Optical bandgap measurements showed a minimum achievable
value of 4.3 eV for κ-(In0.35Ga0.65)2O3 and a maximum achievable bandgap of 5.8 eV for
κ-(Al0.46Ga0.54)2O3.
Furthermore, the dielectric functions and refractive indexes for both mentioned al-
loys were derived. The κ-phase exhibits for the entire realized composition range
excellent structural and morphological properties compared to similar monoclinic thin
films.
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Figure 5.1: Current miscibility limits and corresponding optical bandgap energies for the
different polymorphs of the group-III sesquioxides. The graph can be found in a similar way
within the cumulative part of this work [E7].
In the cummulative part of this work, are the studies dealing with the orthorhom-
bic alloys presented in a total of three publications [E3-E5]. Further studies per-
formed on the κ-modification within the semiconductor physics group were published
in Refs. [E1,E11-E13,E15].
Physical properties of rhombohedral (Al,Ga)2O3 thin films
In the (AlxGa1−x)2O3 alloy the successful stabilization of the rhombohedral
α-structure in the entire composition range was demonstrated. The evolution of the
in-plane and out-of plane lattice parameters revealed that the thin films grow for low
Al-contents relaxed and switched for x=0.55 to pseudomorphic growth. The c-lattice
constant followed in the relaxed grown part Vegard’s law and aligned in the pseudo-
morphic part at around 12.99Å, which corresponds to the value of α-Al2O3.
Evolution of the optical bandgaps and lattice constants of the sesquioxides
Optical bandgaps as well as lattice constants presented discussed in the course of
this thesis were published in an topical review together with the current literature on
the α-, β-, κ- and cubic (c) crystal structure for the (Al,Ga)2O3 and (In,Ga)2O3 alloys
in dependence on the cation composition. The range of the optical bandgaps in depen-
dence on the current miscibility limits are presented in fig. 5.1.
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Outlook
In this thesis, various polymorphs of Ga2O3 based alloys were prepared by PLD and
extensively investigated for their suitability in various device applications. In order
to fabricate high quality and reproducible samples, the best growth conditions were
identified. However, studies are still needed to further improve thin film growth. For
instance, this can include the suppression of the three rotational domains in the κ-
modification. Investigations can also be carried out on the α-phase focused on a more
in-depth analysis of the relaxed or pseudomorphic growth as a function of layer thick-
ness or the substrate used or the realization of the α-(In,Ga)2O3 alloy. Stabilization
of higher phase boundaries should also continue in the other alloys mentioned for the
prospective realization of devices where tailored bandgaps are required, such as deep
UV-PDs or QWIPs. Future studies should also deal with the examination of sponta-
neous polarization in κ-Ga2O3 based heterostructures as well as a demonstration of the
formation of 2DEGs. Furthermore, the focus should still be on optimizing or realizing




2DEG two-dimensional electron gas
AFM atomic force microscope
ALD atomic layer deposition
ARPES angle-resolved photoemission spectroscopy
CBM conduction band minimum
CCS continuous composition spread
CVD chemical vapour deposition
CZ Czochralski
DCS discrete compositional screening
DFT density functional theory
EDX energy dispersive X-ray spectroscopy
FZ floating-zone technique
HEMT high-electron mobility transistor
HVPE halide vapor phase epitaxy
IR infrared
MBE molecular beam epitaxy
MOCVD metal organic chemical vapour deposition
MOVPE metal organic chemical vapor phase epitaxy
PD photodetector
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PLD pulsed laser deposition
QWIP quantum-well infrared photodetector
RSM reciprocal space map
RT room temperature
TEM transmission electron microscopy
UV ultraviolet
VBM valence band maximum
VCCS vertical continuous composition spread
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Semiconductor-based technology has become an integral part of today’s life and is used
in smartphones and tablets, among other things. The primarily utilized semiconductor
silicon has reached its fundamental technological limits in some, more specialized areas of
application - such as the detection of UV radiation - which has brought semiconductors
with ultra-wide bandgaps into focus. Gallium oxide (Ga2O3) is a particularly promising
candidate to enable device performance beyond that of silicon based devices, e.g. in high
power electronics or in deep -UV photodetectors (PDs). Due to its ultra-wide bandgap
of about 4.6–5.3 eV, Ga2O3 is transparent to the human eye. By alloying with other
group-III sesquioxides, namely Al2O3 (8.8 eV [1]) or In2O3 (3.7 eV [2]), the optical bandgap
of Ga2O3 can be enlarged or reduced and hence enable the fabrication of heterostructures.
Further unique properties of Ga2O3 are an about three times larger breakdown field of
8 MV cm−1 [3] and a high thermal stability.
Ga2O3 can crystallize in a rhombohedral (α), monoclinic (β), defective spinel (γ) or or-
thorhombic (κ) crystal structure [4]. So far, most publications and reviews (in the field
of Ga2O3) deal with the thermodynamically most stable β-modification [5–9]. In com-
bination with the availability of large native substrates, β-Ga2O3 is a suitable candidate
for the realization of high performance power devices and UV-PDs, as well. Additional
to the promising properties of the β-polymorph, the orthorhombic κ-phase has another
outstanding feature: a predicted spontaneous polarization P of 23–26 μC/cm2 [10–12]. At
the interface of heterostructures (e.g. Ga2O3 / (Al,Ga)2O3), an abrupt and large change of
P causes a charge accumulation and thus extremely 2DEG densities [13], and hence this
phase is well suited for high electron mobility transistors. Therefore, a significant part of
this work will be devoted to study the κ-phase. The special feature about the rhombohe-
dral α-modification is that this phase can also occur for Al2O3 and In2O3, which allows
a potential bandgap engineering over the entire composition range rendering this poly-
morph interesting for wavelength-selective PDs, such as deep UV-PDs or quantum-well
infrared PDs.
Since all of the mentioned sesquioxides can appear in different crystallographic modifica-
tions, alloys of the individual phases can only be stabilized up to certain chemical composi-
tions of the alloy systems. The phase limits influence directly the potential bandgap range
and differ for the various distinct polymorphs. For the purpose of isostructural bandgap
engineering, it is crucial to determine the phase boundaries and enhance current miscibil-
ity gaps, if possible. Connected with this directly is the value of the optical bandgap and
thus constitutes an essential part of this thesis for the α-, β- and κ-modification of the
(Al,Ga)2O3 or (In,Ga)2O3 alloys. Furthermore, the crystalline quality and surface mor-
phology of the different alloys are of particular interest and were determined as a function
of the alloy composition within this work. In order to fabricate high quality samples,
the best growth conditions have to be defined. All in the scope of this thesis presented
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and discussed thin films were grown by pulsed laser deposition (PLD). With this growth
method, the substrate temperature (Tg) as well as the oxygen pressure (p(O2)) in the PLD
chamber can be set. Previous studies Ga2O3 thin films by PLD revealed that the choice
of Tg and p(O2) have a significant impact on the formation of the thin films [14,15]. How
the choice of conditions affects the growth of the respective alloy will therefore be a main
part of this work. After analyzing the potential research areas of Ga2O3 based alloys as
stated above, the resulting main research aspects for this doctor’s thesis are as follows:
(I) Analysis of phase formation and desorption processes of the β- and κ-modifications
of (Al,Ga)2O3 and (In,Ga)2O3 thin films in dependence on p(O2) and/or Tg
(II) Determination of physical properties of κ-(AlxGa1−x)2O3, κ-(InxGa1−x)2O3 as well
as α-(AlxGa1−x)2O3 thin films as a function of the cation composition x
(III) Extension of the phase limits and thus an expanded optical bandgap range of the
sesquioxides
For processing these topics, thin films were deposited by different PLD approaches and
systematically changed growth conditions. On the one hand, single ceramic targets with
a distinct chemical composition were utilized in order to investigate the influence of p(O2)
and Tg on physical properties on the sesquioxide alloys. On the other hand, circular half-
segmented (Ga2O3/Al2O3 or Ga2O3/In2O3) ceramic targets were used to prepare 2 inch
in diameter large thin films with a lateral varying cation composition (CCS-PLD) [16].
During the elaboration of the first point, p(O2) and Tg were changed systemically and
the impact on, e.g., the target-to-layer cation transfer ratio or the growth rate were
studied. Low p(O2), resulting in an oxygen poor growth regime, lead to the formation
and subsequent desorption of volatile suboxides. Since the Al-O, Ga-O, and In-O bonds
possess different dissociation energies, the cations offered are incorporated into the layer
in a different preferential order. The highest dissociation energy has the Al-O bond
followed by the Ga-O bond and then by the In-O bond, resulting in a preferentially Al
[Ga] incorporation into the (Al,Ga)2O3 [(In,Ga)2O3] alloy.
With an additional Sn-doping in the PLD target and under distinct growth conditions,
the κ-phase was stabilized. The determination of the required growth window for the
facilitation of κ-(Al,Ga)2O3 was focused in the scope of this thesis, as well, and was
defined by Tg ≥ 580◦C and p(O2) ≤ 0.016 mbar. Other growth parameters lead to thin
films with β- and γ-phase impurities or monoclinic thin films. Further, physical properties
of κ-(Al,Ga)2O3 and κ-(In,Ga)2O3 thin films grown by CCS-PLD on (00.1)Al2O3 were
investigated as a function of the chemical composition. To date, the highest In-content
into κ-Ga2O3 of 35 at.% is achieved. In combination with the maximum Al-content of
46 at.%, bandgap engineering between 4.3 and 5.9 eV is possible. XRD investigations
reveal epitaxially grown thin films with (001)-orientation in three rotational domains.
Furthermore, α-(Al,Ga)2O3 was in the entire composition range successful stabilized. For
about 240 nm thick samples, relaxed growth was shown for xAl< 0.55, which turns for
higher Al-contents to pseudomorphic growth.
In the last part of this thesis, a topical review summarizes literature data together with the
data collected during the procession of this work on the progression of current miscibility
limits, optical band gaps and lattice constants as a function of the cation composition for
the different polymorphs of the sesquioxide alloys.
In conclusion, the extensive data on the physical properties of the different phases of the
alloys is very significant and allows, among other things, to control the phase formation
or suppress the formation and desorption of volatile suboxides in the sesquioxide alloys.
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